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.Introduction 


To  date  it  has  been  nearly  impossible  to  distinguish  whether  the  cellular  transformation  process 
gives  rise  to  conditions  that  cause  cancer  cells  to  accumulate  mutations  (2) ,  or  whether  an  increase  in  the 
rate  of  mutation  within  cells  gives  rise  to  the  transformation  process  that  culminates  in  the  formation  of 
cancer  cells  (3,4).  Currently,  a  strong  case  can  be  made  relating  the  number  of  unrepaired  mutations  in  the 
cell  with  the  development  of  a  cancerous  phenotype  (5-7).  The  mutations  noted  to  correlate  with  the 
expression  of  a  cancerous  phenotype  could  result  from  an  increase  in  errors  made  during  both  DNA 
replication  and  DNA  repair  (8-17).  In  order  to  begin  to  assess  the  degree  to  which  errors  created  during 
DNA  replication  contribute  to  the  overall  mutation  frequency  observed  in  cancer  cells,  I  proposed  to 
compare  the  fidelity  of  the  DNA  replication  process  in  malignant  breast  cells  and  non-malignant  breast 
cells.  Several  studies  have  reported  that  the  activity  of  DNA  P  polymerase,  an  enzyme  implicated  in  gap 
filling  DNA  synthesis  during  DNA  repair  (17,18)  is  decreased  in  cancer  cells.  These  and  other 
investigations  also  indicate  that  cancer  cells  generally  have  a  higher  error  rate  during  the  repair  of  gapped 
DNA  and  report  that  at  least  some  of  the  common  mutations  include  frame  shifts  and  deletions  of  DNA 
sequence  (17-22).  However,  most  of  these  investigations  were  performed  using  either  crude  cell  extracts 
or  purified  enzymes.  In  vitro  assays  using  crude  cell  extracts  contain  nucleases  and  proteases,  which  may 
alter  the  integrity  of  the  replication  or  repair  enzymes  in  the  extract  or  the  DNA  templates  used  in  these 
assays.  These  factors  may  subsequently  affect  our  interpretation  of  the  data  obtained  using  crude  cell 
extracts.  Those  studies  that  use  purified  enzymes  do  not  take  into  account  that  DNA  repair  in  intact  cells 
generally  occurs  in  a  highly  controlled  environment  (13),  with  both  the  DNA  and  key  enzymes  organized 
into  higher-order  structures.  These  assays  also  do  not  adequately  consider  the  potential  contributions  of 
accessory  factors  present  in  the  intact  cell  that  may  enhance  the  fidelity  of  the  DNA  repair  process.  The 
observations  reported  by  Kunkel's  group  (17,18)  reinforce  the  idea  that  the  maintenance  of  high  fidelity 
DNA  synthesis  and  repair  requires  at  least  some  of  the  proteins  used  during  DNA  replication.  Assays  that 
ignore  the  possible  involvement  of  the  DNA  replication  proteins  in  the  repair  process  are  not  capable  of 
presenting  an  accurate  picture  of  intact  cell  DNA  repair,  and  also  ignore  the  possible  role  played  by  the 
fidelity  with  which  DNA  replication  is  initially  carried  out  and  the  overall  contribution  of  the  fidelity  of 
DNA  replication  to  the  development  of  a  "mutator"  phenotype. 

In  order  to  better  understand  the  extent  to  which  the  intact  DNA  replication  machinery  contributes 
to  the  overall  mutation  frequencies  observed  in  malignant  and  non-malignant  breast  cells,  I  have  designed 
experiments  to  examine  the  degree  of  fidelity  exhibited  during  the  DNA  replication  process  in  both  normal 
and  cancerous  breast  cells.  To  accomplish  this  goal  I  have  isolated  a  multiprotein  DNA  replication 
complex  (which  we  have  designated  the  DNA  synthesome)  from  both  normal  breast  tissue  cells  and 
malignant  breast  cancer  cells  and  have  begun  to  determine  the  ability  of  the  DNA  synthesome  from  both 
cell  types  to  faithfully  copy  a  target  gene  used  in  our  in  vitro  replication  assay  system.  We  have  previously 
shown  that  the  DNA  synthesome  isolated  from  mammalian  cells  is  fully  competent  to  carry  out  large  T- 
antigen-dependent  DNA  synthesis  in  vitro  (23-25).  The  DNA  synthesome  has  been  purified  to  about  30- 
40  polypeptides  and  is  fully  competent  to  replicate  DNA  bidirectionally  from  a  defined  origin  of  DNA 
replication,  producing  semi-conservatively  replicated  DNA.  The  rate  of  DNA  replication  and  the  products 
of  the  in  vitro  reaction  suggest  that  the  DNA  synthesome  faithfully  mimics  the  replication  process  carried 
out  in  intact  cells.  Using  this  multiprotein  DNA  replication  complex  we  have  initiated  experiments 
intended  to  determine  whether  cancer  cells  exhibit  a  higher  mutation  frequency  due  to  a  defect  in  the 
fidelity  of  the  DNA  synthetic  process.  Our  data  suggest  that  there  is  a  higher  frequency  of  mutation  in  our 
assay  when  the  target  DNA  sequence  is  replicated  by  the  DNA  synthesome  from  the  breast  cancer  cells 
than  when  it  is  replicated  by  the  DNA  synthesome  from  normal  breast  cells.  Our  most  recent  data  suggest 
that  the  types  of  mutations  created  by  malignant  breast  DNA  synthesome-mediated  replication  include 
mismatches,  and  insertions  and  deletions  of  nucleotides. 

Although  we  have  observed  decreased  fidelity  of  the  DNA  replication  as  mediated  by  the  DNA 
synthesome  from  malignant  human  breast  cell  lines  and  breast  tissue,  it  is  important  to  also  consider  the 


^potential  contribution  of  the  extensive  repair  activities  present  in  the  cell.  In  order  to  begin  to  explore  the 
possible  interaction  of  the  DNA  synthesome  with  the  cellular  DNA  repair  proteins,  we  have  recently 
initiated  a  series  of  experiments  designed  identify  the  structural  and  functional  interactions  of  several  key 
DNA  repair  proteins  with  the  breast  cell  DNA  synthesome.  We  decided  to  look  for  the  association  of 
mismatch  repair  proteins  hMSH2,  hMLHl,  hPMS2,  and  GTBP  with  the  DNA  synthesome  due  to  their 
suggested  interaction  with  the  DNA  replication  process  (40)  and  evidence  which  links  them  to  the 
development  of  several  types  of  cancer  (41-48).  We  have  also  begun  to  examine  the  association  between 
the  DNA  synthesome  and  MYH  (homolog  to  the  bacterial  MutY  protein),  an  adenine  glycosylase  which 
removes  A/G  and  A/GO  errors  (49-51).  Most  recently,  we  have  begun  examining  the  association  of  the 
protein  kinase  Ku  with  the  DNA  synthesome,  as  it  has  also  been  suggested  to  participate  in  DNA 
replication  and  repair  (52,  53). 

To  date,  these  experiments  have  yielded  exciting  data  which  suggest  a  direct  interaction  between 
the  DNA  synthesome  and  key  DNA  mismatch  repair  proteins.  Experiments  are  ongoing  to  further  map 
the  relationship  of  these  and  other  repair  proteins  associated  with  the  DNA  synthesome  of  the  human 
breast  cell. 

Materials  and  Methods 

Replication  template  tphasemid  pBK-CMYl  and  bacteria  culture. 

a.  The  pBK-CMV  vector  (Stratagene)  contains  the  full  298  bp  SV40  origin  of  DNA  replication, 
including  both  large  T-antigen  binding  sites  I  and  II.  It  also  contains  the  eucaryotic  promoter  for  the 
cytomegalovirus  (CMV),  the  procaryotic  RNA  start  sequence  (at  position  1221),  the  lacP  gene  (at  position 
1300-1220),  which  codes  for  the  lacZ  gene  promoter,  the  a-lacZ  gene  (at  position  1183-810),  the  start  site 
for  the  P-gal  gene  (ATG)  (at  position  1183),  and  the  stop  site  for  the  gene  (TAA)  (at  position  799). 

b.  The  XLl-  Blue  MRF'  strain  of  E.  coli  This  strain  was  purchased  from  Stratagene  as  the  optimal 
strain  of  E.  coli  for  the  growth  and  expression  of  the  pBK-CMV  vector.  It’s  genetic  composition  is: 
[(mcrA)  183,  d(mcr(B-hsdSMR-mrr)  173,  endAl,  supE44,  thi  1,  recAl,  gyrA96,  relAl,  lac[F’proAB, 
lacrz  (ml5,  TnlO(tet^)]  Cells  were  transfected  by  electroporation  (38,39). 

c.  Expression  of  the  non-mutated  3-galactosidase  gene  in  the  transformed  E.coli  growing  in  the 
presence  of  both  the  chromogenic  substrate  of  the  P-galactosidase  gene  product,  5-bromo-4-chloro-3- 
indolyl  p-D  galactoside  (X-gal),  and  the  inducer  for  the  P-galactosidase  gene,  isopropylthio-P-D 
galactosidase  (IPTG),  will  produce  dark  blue  colonies.  Errors  in  the  sequence  encoding  the  P- 
galactosidase  gene  result  in  white  colonies.  Intermediate  phenotypes  (light  blue)  may  result  from  less 
severe  mutations  of  the  gene  encoding  P-galactosidase. 

Cell  culture. 

The  malignant  breast  cancer  cell  line,  Hs578T  (Homo  sapiens  No.  578,  tumor  cells),  is  an 
aneuploid,  mammary  myo-epithelial  cell  line  derived  from  a  mammary  tumor  that  does  not  express  the 
estrogen  receptor  protein  (32).  The  Hs578T  cells  are  grown  in  suspension  in  Dulbecco's  modified  Eagle's 
medium  supplemented  with  4.5  g/L  glucose,  10  units  /ml  bovine  insulin,  and  10%  fetal  bovine  serum 
(FBS).  The  non-malignant  breast  cell  line  Hs578Bst  (Homo  sapiens  No.  578,  breast  cells)  is  diploid  and  is, 
most  likely,  of  myoepithelial  origin  (32,41).  It  is  derived  from  breast  tissue  found  peripheral  to  the  Hs578T 
tumor.  The  Hs578Bst  cells  are  grown  in  monolayer  culture  with  modified  Dulbecco's  medium,  30  ng/ml 
epidermal  growth  factor  (EGF),  and  10%  FBS.  The  malignant  MCF7  cell  line  is  derived  from  a  human 
breast  adenocarcinoma.  Cells  from  the  plural  effusion  were  used  to  establish  the  line.  It  has  retained  many 
characteristics  of  differentiated  mammary  epithelium  including  the  ability  to  process  estradiol  via 
cytoplasmic  estrogen  receptors  and  the  capability  of  forming  domes  (64)  It  is  maintained  in  Eagles’ 
medium  with  non-essential  amino  acids,  1  nM  sodium  pyruvate,  bovine  insulin  (lOug/ml),  90%,  and  fetal 
bovine  serum,  10%. 
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The  non-malignant  MCFIOA  cell  line  is  an  immortalized  cell  line  from  human  fibrocystic  breast 
disease  tissue  of  a  34  year-old  Caucasian  patient  (65).  It  has  a  near  normal  karyotype,  and  by 
electronmicroscopy  the  cells  display  characteristics  of  luminal  ductal  cells  but  not  myoepithelial  cells.  The 
cell  line  is  maintained  in  a  1:1  mixture  of  Dulbecco  modified  Eagle’s  medium  and  Ham’s  FI 2  medium  with 
20ng/ml  epidermal  growth  factor,  lOOng/ml  cholera  toxin,  0.01  mg/ml  insulin,  and  500  ng/ml 
hydrocortisone,  95%;  and  horse  serum,  5%.  All  cell  lines  were  purchased  from  the  ATCC. 

Fractionation  scheme  for  the  isolation  of  breast  cell  DNA  svnthesome. 

Protein  fractions  from  all  breast  cell  types  were  prepared  on  ice  or  at  4‘’C  following  modified  procedures  of 
Malkas  et  al.  (1990)  and  Coll  et  al  (1996).  The  fractionation  procedure  for  human  breast  tissue  samples 
was  modified  to  include  freezing  and  pulverization  in  liquid  nitrogen  prior  to  Bounce  homogenization. 
Cell  homogenate  fractions  from  all  breast  cell  sources  were  centrifuged  at  2,500  rpm  (1,740  x  g  )  for  10 
minutes  in  order  to  separate  the  crude  nuclear  (P-1)  and  cytosolic  fractions  (S-1).  Mitochondria  (P-2)  are 
pelleted  from  the  S-1  fraction  by  centrifugation  at  12,500  rpm  (18,000  x  g)  for  15  minutes.  The  resultant 
supernatant  (designated  the  S-2)  fraction  is  then  subjected  to  ultracentrifiagation  at  100,000  x  g  for  1  hour 
to  remove  microsomes  (P-3),  and  the  supernatant  are  designated  the  S-3  fraction.  The  crude  nuclear  pellet 
(P-1)  are  resuspended  in  buffer  and  gently  rocked  for  2  hours.  After  a  10-minute  centrifugation  at  15,000 
X  g  the  supernatant  (designated  NE),  containing  soluble  protein  extracted  from  the  nuclei,  is  collected, 
combined  with  the  S-3  fraction  and  made  2M  in  KCl  and  5%  in  polyethylene  glycol  (PEG  6000).  The 
mixture  is  stirred  gently  for  one  hour  at  4°C  and  pelleted  by  centrifugation  for  15  minutes  at  16,000  rpm 
(30,900  X  g).  The  resultant  supernatant  (PEG  NE/S-3)  is  collected  and  layered  onto  a  2M  sucrose  cushion 
and  subjected  to  centrifugation  at  40,000  rpm  (100,000  x  g)  for  16-18  hours  at  4°C.  The  material  above 
the  sucrose  cushion  (top  70%  of  the  tube)  is  collected  and  designated  the  S-4  fraction.  The  material 
collected  at  the  sucrose  interface  (bottom  30%)  is  designated  the  P-4  fraction. 

The  P-4  fraction  is  then  applied  to  a  Q-Sepharose  column  (Pharmacia)  (25  mg  protein/ 1  ml  of 
matrix)  which  is  pre-equilibrated  with  loading  buffer  containing  50  mM  Tris-HCl,  pH  7.5/  1  mM  DTT/  1 
mM  EDTA/  10%  glycerol/  50  mM  KCl.  Unbound  protein  is  washed  from  the  matrix  with  8  volumes  of 
column-loading  buffer.  The  matrix-bound  protein  is  eluted  by  an  increasing  KCl  gradient  (50  mM  -  1  M) 
in  50  mM  Tris-HCl,  pH  7.5  /  1  mM  DTT  /  1  mM  EDTA  /  10%  glycerol.  The  column  fractions  will  then  be 
assayed  for  their  ability  to  support  in  vitro  SV40  DNA  replication.  The  column  fractions  able  to  support  in 
vitro  SV40  DNA  replication  are  pooled  and  layered  onto  an  11 -ml  10-30%  sucrose  gradient  containing  50 
mM  Tris-HCl,  pH  7.5  /  1  mM  DTT  /  1  mM  EDTA  /  0.5  M  KCl.  The  tubes  containing  the  sucrose 
gradients  are  centrifuged  at  100,000  x  g  for  16  hours,  and  the  sucrose  gradient  fractions  containing  the 
replication-competent  DNA  synthesome  are  pooled,  aliquoted,  and  stored  at  -80°C. 

In  Vitro  DNA  Replication  Assay. 

The  DNA  replication  reactions  (50ul)  were  carried  out  as  described  in  Sekowski  et  al.,  1997  (37). 

DNA  polymerase  a  and  5  Assays. 

DNA  polymerase  a  activity  was  measured  as  described  by  and  Lamothe  et  al.,  1981  (55)  and  Vishwanatha 
et  al.,  1986  (56).  One  unit  of  polymerase  a  activity  is  equivalent  to  the  incorporation  of  Inmol  of  [^H]- 
TMP  into  DNA  per  hour  per  mg  protein  at  37°C.  The  polymerase  6  activity  was  measured  according  to 
procedures  previously  described  by  Lee  et  al,  1991  (57). 

Precipitation  of  the  Replicated  DNA. 

The  DNA  in  the  remaining  40  pi  from  each  in  vitro  DNA  replication  reaction  was  precipitated  as  described 
in  detail  in  Sekowski  et  al.,  1997  (37).  Briefly,  after  extraction  and  precipitation,  the  DNA  was  subjected 
to  Dpn  I  digestion. 
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forward  Mutanenesis  Assay:  Transfection  and  Plating. 

The  Dpn  I  digested,  in  vitro  replicated  pBK-CMV  DNA  (fig.  3)  was  used  to  transfect  the  E.coli  host 
(strain  XLl-  Blue  MRF')  as  described  in  detail  in  Sekowski  et  al.,  1997  (37).  The  transfection  and  plating 
conditions  give  intense  blue  color  for  the  wild-type  plasmid  which  facilitates  the  visualization  of  mutant 
phenotypes.  The  mutant  colonies  range  from  white  to  intermediate  (relatively  blue)  phenotypes. 

Scorine  of  Mutants. 

The  inactivation  of  the  a-complementation  gene  (the  product  of  which  is  the  catalytic  subunit  of  (3- 
galactosidase)  due  to  a  mutation  in  the  lac  Za  gene  in  pBK-CMV  will  give  a  variety  of  mutant 
phenotypes,  due  to  the  lack  of  a  fully  functional  P-galactosidase  gene  product.  The  mutant  phenotypes 
were  scored  as  described  in  Sekowski  et  al.  (1997)  (37).  Calculations  described  in  the  figure  legend  of 
Table  I  have  been  made  to  convert  the  percentage  mutant  colonies  to  a  number  able  to  reflect  the  average 
number  of  nucleotide  errors  in  the  replicated  plasmid. 

Determination  of  the  types  of  nucleotide  errors  in  the  DNA  replicated  in  vitro. 

Two  flanking  primers  of  27  bp  each  (fig. 8)  were  used  to  carry  out  nucleotide  sequencing  of  the  lacZa 
gene  in  the  pBK-CMV  plasmids  extracted  from  clonal  bacterial  colonies  expressing  the  mutant  and 
wildtype  P-galactosidase  enzyme.  Thus,  the  specific  types  of  mutations  that  result  from  DNA  replication 
mediated  by  the  malignant  and  non-malignant  human  breast  DNA  synthesomes  were  obtained. 

DNA  template  for  intact  cell  DNA  replication  ;  pCEP4B2al. 

The  episome  pCEP4  (Amersham  Co.)  (Fig.  4)  was  used  as  a  vector  for  the  insertion  of  the  complete  lacZa 
gene  (encoding  the  P-galactosidase  enzyme)  into  the  multiple  cloning  site  (MCS).  This  template  will  not 
only  replicate  inside  a  mammalian  cell  (utilizing  the  E-B  virus  origin),  and  confer  selection  in  hygromycin, 
but  will  also  contains  the  lac  Z  a  gene  for  translation  in  a  bacterial  host. 

Intact  cell  DNA  replication  fidelity;  transfection  of  episome.  Breast  culture  cells  (MCF  7  and 
MCFIOA)  were  grown  as  described  above,  harvested  during  logarhymic  growth  using  lOmM  EDT A/saline 
buffer  and  scraping,  diluted  in  media,  counted,  and  electroporated  in  the  presence  of  the  episome 
pCEP4Pgal.  Successful  transfection  of  pCEP4Pgal  into  a  cell  allows  selection  by  Hygromycin  (Sigma  Co.) 
Thus,  only  those  cells  containing  a  functional  episome  survive  in  hygromycin  containing  media.  Cells  were 
allowed  to  grow  for  approximately  two  weeks,  after  which  the  episome  was  extracted  from  the  cells  using 
the  procedure  described  by  Hirt  et  al.,1967  (33).  The  DNA  was  purified,  Dpnl  digested,  and  transfected 
into  the  E.coli  host,  XLl-Blue  MRF’.  The  relative  percentage  of  mutant  colonies  resulting  from  the 
transfection  was  measured  and  the  mutation  fi-equency  resulting  from  intact  cell  replication  calculated  as 
mentioned  above  for  the  in  vitro  DNA  replication  fidelity  assay. 

Intact  ceil  DNA  replication  fidelity;  BrdU  incorporation.  To  confirm  that  the  episome  underwent  at 
least  one  round  of  semi-conservative  DNA  replication,  transfected  breast  cells  were  grown  in  hygromycin- 
media  containing  the  nucleotide  analog  Bromodeoxyuridine  (BrdU).  After  the  cells  were  allowed  to  grow 
for  approximately  two  weeks,  the  episomal  (incorporated  with  BrdU)  was  extracted  from  the  cells.  The 
extracted  DNA  was  then  subjected  to  cesium  chloride  density  gradient  analysis.  Serial  fractions  of  the 
DNA  were  collected  from  the  CsCl  gradient  and  the  absorbance  measured.  The  correct  proportion  of 
extracted  DNA  was  comprised  of  heavy-light  and  heavy-heavy  BrdU  labeled  DNA  suggesting  that  at  least 
one  round  of  semi-conservative  DNA  replication  of  the  episome  had  been  completed  in  the  breast 

SDS-Polvacrvlamide  Gel  Electrophoresis  (PAGE)  and  Immunoblotting  Analyses. 

Thirty  micrograms  or  50  microliters  (if  protein  concentration  less  than  0.5^ig/^l)  of  sucrose  gradient 
fractions  were  loaded  per  lane  of  the  gels,  and  after  resolution  through  an  8%  SDS-PAGE  the  resolved 
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■proteins  were  elctrophoretically  transferred  to  nitrocellulose  membranes.  Immunodetection  was  carried  out 
using  a  light-enhanced  chemiluminescent  (ECL)  detection  system  according  to  manufacturers  instructions 
(Amersham,  Arlington  Heights,  IL)  The  antibodies  directed  against  hMSH2,  hPMS2,  and  hMLHl, 
hMSH6  (GTBP)  were  used  at  a  dilution  of  lug/mL  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  The 
antibody  directed  against  the  bacterial  protein  MutY  was  a  gift  from  Dr.  A-L  Lu  and  was  used  at  a  dilution 
of  1:200.  The  anti-Ku  was  used  at  a  dilution  of  1:1000  (Oncogene  Science).  The  appropriate  species- 
specific  horseradish  peroxidase  conjugated  secondary  antibodies  were  used  in  the  immunoblots.  Prestained 
SDS-PAGE  molecular  size  markers  were  obtained  from  New  England  Biolabs  (Boston,  MA). 

Gel  Shifts  Demonstrate  Specific  Binding  to  Misoaired  and  IDL  containing  DNA  templates. 

Oligonucleotides  of  40  base  pairs  containing  a  single  G/T  mispair,  or  an  single  insertion-deletion  loop  of  2 
or  4  nucleotides  were  constructed  by  the  Biopolymer  Facility  (UMAB).  The  annealed  oligonucleotides 
were  3 ’end  labeled  with  Klenow  fragment  of  DNA  polymerase  I  for  30  min.  at  25°C  on  the  presence  of  [a- 
^^PjdCTP  (50|aCi  at  3,000Ci/mmol),  20  [iM  dTTP,  20  |aM  dATP,  and  20  ^iM  dGTP.  The  resulting  blunt- 
ended  40  bp  duplex  DNA  mixture  was  passed  through  a  ImL  P-60  column  to  remove  unincorporated 
nucleotides.  One  microgram  of  Q-sepharose  purified  DNA  synthesome  was  incubated  with  1.9  fmol  of  the 
labeled  template  for  20  minutes  at  37‘’C,  after  which  0.1%  glutaraldehyde  was  added  and  the  reaction 
incubated  for  an  additional  10  minutes  at  25‘’C.  Sucrose  was  added  to  14%  in  the  reactions  after  which  the 
reactions  were  resolved  through  a  5%  non-denaturing  polyacrylamide  gel  at  125V  for  1  hr  at  4‘’C.  Loading 
dye  was  run  in  separate  parallel  lane  in  the  gel.  After  drying  the  gels  were  exposed  to  Kodak  XAR  film 
(Kodak,  Inc.  Rochester,  NY)  at  -SOT  for  12-19  hr. 

Co-localization  of  DNA  svnthesome-associated  mismatch  repair  proteins  with  the  mismatch- 
containin2  DNA  template. 

Large  scale  (5  fold  greater)  DNA  synthesome-mismatch  binding  reactions  were  prepared  as  described  for 
the  gel-shift  experiments  above  except  that  the  target  mismatch  template  was  unlabeled  and  that  no 
competitor  DNA  was  added  to  the  reactions.  After  the  reactions  were  resolved  on  a  5%  non-denaturing 
polyacrylamide  as  described  above,  the  protein-DNA  complexes  were  electrophoretically  transferred  to 
nitrocellulose  using  a  semi-dry  XL  transfer  apparatus  (BioRad),  20  V  for  20  min  at  25°C.  The 
nitrocellulose  membranes  were  immunoblotted  using  the  antibodies  as  described  above  for  the  SDS-PAGE 
immunoblotting. 

Co-immunoprecipitation  Analyses 

One  hundred  micrograms  of  the  Q-Sepharose  peak  fraction  was  subjected  to  co-immunoprecipitations 
according  to  a  modified  procedure  of  the  protocol  described  in  Coll  et  .al.l997  (to  be  published  elsewhere). 
Briefly,  the  pre-cleared  protein  fractions  were  incubated  overnight  at  4°C  with  antibodies  directed  against 
hMSH2  (Q-20,  Santa  Cruz  Biotechnology,  2.5  (ig/reaction),  PCNA  (mAb-10,  2.5  |ig/reaction),  or 
polymerase  a  (SJK  132-20)  20|j,g/reaction.  Thirty  microliters  of  protein  A  or  G  agarose  beads,  pre-coated 
with  BSA,  were  then  added  to  the  reactions  containing  the  antigen-antibody  complex,  and  the  reactions 
were  continued  for  one  hour  at  4°C.  The  antigen-antibody-bead  complexes  were  pelleted  by  low-speed 
centrifugation  at  3,500  rpm  for  5  minutes  at  4°C,  and  the  supernatant  and  pellet  fractions  were  resolved  on 
a  8%  SDS-PAGE,  electrophoretically  transferred  to  nitrocellulose,  and  probed  with  antibodies  directed 
against  PCNA,  polymerase  a,  hMSH2,  hMLHl,  hPMSl,  hPMS2,  GTBP  (hMSH6),  MYH,  and  Ku  as 
described  above. 
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Results 


1 .  Results  of  Task  I :  Preparation  of  the  replication  template  DNA,  months  1-12. 

Since  submitting  the  original  proposal,  in  which  we  describe  using  the  M13mp2  bacteriophage  as 
the  DNA  template  for  the  replication  assay,  we  have  discovered  that  M13mp2  bacteriophage  has  an 
intrinsic  mutation  rate  of  approximately  2-5  x  10*4  mutant  colonies.  In  order  to  minimize  the  background 
mutation  frequency  rate  we  will  use  the  pBK-CMV  plasmid  (Stratagene),  for  which  the  detectable 
mutation  rate  has  been  observed  to  be  less  than  1  x  10^^  colonies  (Sekowski  and  Hickey,  unpublished 
data).  As  shown  in  figure  3,  the  pBK-CMV  contains  the  SV40  origin  of  replication,  including  large  T- 
antigen  binding  sites  I  and  II,  the  full  LacZa  gene,  and  the  kanamycin  resistance  gene.  We  have 
successfiilly  grown  this  plasmid  in  XL  1 -Blue  MRF'  E.coli,  a  strain  selected  for  its  ability  to  support  optimal 
growth  and  expression  of  this  plasmid  (Stratagene),  and  isolated  and  purified  the  supercoiled  form  I 
plasmid  DNA  for  use  in  the  DNA  replication  assay. 


11.  Results  of  Task  2:  Purification  of  the  DNA  synthesome,  Months  1-24. 

Our  laboratory  has  isolated  a  multiprotein  DNA  replication  complex  (the  DNA  synthesome)  from 
human  cervical  carcinoma  cells  (HeLa)  (27,35),  from  mouse  mammary  cells  (FM3A)  (28)  and  most 
recently,  from  MDA  MB  468  human  breast  cancer  cells  (36),  from  the  genetically  matched  human  breast 
cell  lines,  Hs578Bst  (non-malignant)  and  Hs578T  (cancerous),  and  from  the  human  breast  epithelial  cell 
lines  MCF7  (malignant)  and  MCFIOA  (non-malignant)  (40).  In  the  past  year,  we  have  also  successfully 
isolated  the  DNA  synthesome  from  genetically  matched  malignant  and  non-malignant  human  breast  tissue, 
as  well  as  from  normal  human  breast  reduction  tissue  (36,40). 

The  complex  is  isolated  using  a  series  of  steps  that  includes  ultracentrifiigation,  ion-exchange 
chromatography,  and  sucrose  gradient  centrifugation  as  shown  in  the  schematic  figure  1.  The 
sedimentation  coefficient  of  the  multiprotein  complex  from  the  MDA  MB  468  breast  cancer  cells  is 
approximately  18S  as  measured  by  sucrose  gradient  density  analysis  (36).  The  sedimentation  coefficients 
of  DNA  synthesome  from  Hs578Bst  (non-malignant),  Hs578T  (malignant),  MCFIOA  (non-malignant), 
and  MCF7  (malignant),  as  well  as  from  the  malignant,  non-malignant,  and  normal  human  breast  tissue  are 
currently  under  analysis  in  our  laboratory.  The  integrity  of  the  multiprotein  complex  is  maintained  after 
treatment  with  DNase,  RNase,  2M  KCl,  NP40/butanol,  and  Triton  X-100,  and  after  chromatography  on 
DE52-cellulose  and  Q-Sepharose,  suggesting  that  the  association  of  proteins  with  one  another  is 
independent  of  nonspecific  interaction  with  other  cellular  macromolecular  components  (28). 

Most  importantly,  we  have  demonstrated  that  the  DNA  synthesome  from  the  MDA  MB-468  (36), 
and  from  the  Hs578BSt,  Hs578T,  MCFIOA,  and  MCF7  cell  lines,  as  well  as  from  the  malignant,  non- 
malignant,  and  normal  human  breast  tissue  (40),  are  fully  competent  to  replicate  DNA  in  vitro  in  a 
variation  of  the  assay  described  by  Li  and  Kelly  (1984)  (30).  The  demonstrated  replication  ability  of  the 
isolated  multiprotein  form  of  DNA  polymerase  suggests  that  all  of  the  cellular  activities  required  for  large 
T-antigen-dependent  in  vitro  papovavirus  (i.e.,  SV40  and  polyoma  virus)  DNA  synthesis  are  present  within 
the  isolated  DNA  replication  apparatus.  Our  lab  has  previously  found  that  the  mammalian  DNA 
synthesome  includes  DNA  polymerase  a,  DNA  primase,  DNA  polymerase  5,  proliferating  cell  nuclear 
antigen  (PCNA),  RP-A  (a.k.a.  RF-A,  and  HSSB),  topoisomerases  I  and  II,  helicases  I  and  IV,  RF-C  or 
Activator  1  (A-1),  and  poly(ADP)-ribose  polymerase  (PARP)  (27,28,35,36,39).  The  presence  of  these 
enzymes  in  the  DNA  synthesome  has  been  verified  by  both  Western  blotting  and,  when  possible,  enzyme 
activity  assays  (e.g.,  RP-A  RF-C,  PCNA  do  not  have  intrinsic  enzymatic  activity).  The  most  current 
model  of  the  DNA  synthesome  is  shown  in  figure  2  in  the  appendix. 
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^  III.  Results  of  Task  3:  Isolation  and  analysis  of  the  DNA  synthesome-mediated  DNA  replication 
products,  months  1-48. 

DNA  synthesome  from  Hs578Bst,  Hs578T,  MCFIOA,  MCF7,  and  human  breast  tissue  cells  have 
been  utilized  to  mediate  in  vitro  DNA  replication  assays.  The  purified  DNA  product  from  these  assays  was 
been  subjected  to  Dpn  I  digestion  and  separated  on  a  1%  neutral  agarose  gel.  The  products  (visualized  by 
autoradiography)  demonstrate  that  the  replication  reactions  mediated  by  the  DNA  synthesome  from  all  cell 
types  are  capable  of  producing  a  full  length  DNA  replication  product  (Sekowski,  unpublished  data).  The 
level  of  DNA  replication  in  each  reaction  has  also  been  examined  by  measuring  the  incorporation  of 
[^2p]-  dCTP  into  the  newly  replicated  DNA  collected  on  DE81  filters  and  counted  by  liquid  scintillation 
counting. 

Measurement  of  the  DNA  polymerase  a  and  the  in  vitro  DNA  replication  activities. 

As  shown  in  the  table  (Figure  5),  the  polymerase  a  activity  (pmoles  incorporated  nucleotides/hr/mg 
protein)  of  the  DNA  synthesome  from  the  malignant  cultured  breast  cells  sources  is  enhanced  7  fold 
(MCF7  over  MCFIOA)  and  18  fold  (Hs578T  over  Hs578Bst).  The  increase  of  the  polymerase  a  activity 
of  the  DNA  synthesome  from  the  malignant  breast  tissue  appears  to  be  quite  variable  ranging  form  1.3 
(tumor  A),  1.4  (tumor  D),  and  1.7  (tumor  C)  fold  up  to  3.5  (tumor  B)  and  6.5  (tumor  E)  fold. 

Interestingly,  the  DNA  replication  activity  (pmol/hr/pg)  (Fig.  5)  of  the  DNA  synthesome  from 
malignant  breast  cell  culture  is  after  a  3  hour  incubation  period  is  approximately  3. 6-5. 6  times  higher  in  the 
reactions  mediated  than  in  those  mediated  by  the  synthesome  from  the  non-malignant  breast  culture  cells. 
However,  the  level  of  DNA  replication  of  the  DNA  synthesome  from  any  of  the  malignant  breast  tumor 
tissue  samples  to  date  does  not  differ  by  more  than  0.3  fold  above  the  activity  of  the  DNA  synthesome 
from  the  genetically  matched  non-malignant  tissue  samples. 

IV.  Results  of  Task  4:  Transfection  and  expression  of  the  replicated  DNA  product  in  E.  coli,  months 
12-48. 

The  XLl-Blue  MRF'  strain  of  E.coli  was  successfully  transfected  with  each  of  the  following  :  the 
wild  type  pBK-CMV,  the  fully  replicated/Dpn  I  digested  pBK-CMV,  and  an  equimolar  concentration  of 
pUC19  DNA  (negative  control)  as  described  in  the  methods.  The  entire  electroporation  mixture 
containing  the  transfected  E.coli  and  SOC  medium  was  plated  (100  ul  per  plate)  onto  LB  agar  plates 
containing  optimal  concentrations  of  kanamycin,  X-gal,  and  IPTG.  The  transfected  E.coli  containing  the 
wild  type  pBK-CMV  expressed  a  dark  blue  phenotype  (100%).  The  E.coli  transfected  with  the  negative 
control  DNA  (pUC19)  consistently  created  mutant  (white)  colonies  (100%).  As  shown  in  the  table  in 
figure  7,  E.coli  transfected  with  pBK-CMV  replicated  by  the  DNA  synthesome  from  the  Hs578T 
(malignant)  cell  line  demonstrated  a  frequency  of  86.5  x  10’®  mutations  per  nucleotide  of  the  replicated 
plasmid.  Similarly,  E.coli  transfected  with  DNA  produced  in  replication  reactions  mediated  by  the  MCF7 
DNA  synthesome  resulted  in  a  frequency  of  51.5  x  lO”^  mutations  created  per  nucleotide  of  the  replicated 
plasmid.  Plasmids  replicated  by  the  DNA  synthesome  of  the  non-malignant  Hs578Bst  and  the  MCFIOA 
cells  were  only  found  to  have  mutation  frequencies  of  1 5  x  10'^  and  1 1 .8  x  10’®,  respectively. 

To  date,  three  separate  experiments  have  been  completed,  under  our  empirically  determined 
optimal  conditions,  all  of  which  suggest  that  the  frequency  of  replication  errors  in  the  malignant  Hs578T 
and  the  MCF7  DNA  synthesome  -mediated  replication  reaction  appear  to  be  approximately  5.7  times 
(Hs578T)  and  4.4  times  higher  (MCF7)  that  of  the  plasmid  replicated  by  the  DNA  synthesome  from  the 
non-malignant  Hs578Bst  and  MCFIOA  cells  (see  figure  6  (table)  in  the  appendix). 

Within  the  past  year,  I  have  begun  to  examine  the  replication  fidelity  of  the  DNA  synthesome 
extracted  from  malignant  and  non-malignant  human  breast  tissue,  as  well  as  from  normal  breast  reduction 
tissue.  Thus  far,  two  separate  genetically  matched  sets  of  tissue  have  been  processed  and  tested  for 
replication  fidelity.  The  DNA  synthesomes  from  genetically  matched  breast  tumors  A  and  B,  were  found 
to  replicate  DNA  with  a  mutation  frequency  of  25.2  x  10‘®  and  11.8  x  10'®  mutant  nucleotides  per 
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,  replicated  plasmid,  respectively.  This  represents  a  3.6  and  3.8  fold  decrease  in  fidelity  below  that 
demonstrated  by  the  genetically  matched  tissues  A  and  B  (A  and  B  mutation  frequencies  of  6.97  x  10'^  and 
9.62  X  lO"^,  respectively. 

Lastly,  recent  results  from  two  experiments  examining  the  DNA  synthesome  from  surgically 
resected  normal  human  breast  reduction  tissue,  demonstrated  the  fidelity  with  which  the  replication  is 
carried  out  is  relatively  high.  The  mutation  frequency  per  nucleotide  is  6.43  x  ;  therefore  it  is  not 
significant  different  than  the  fidelity  of  the  non-malignant  breast  tissue  from  cancer  patients. 

Studies  examining  the  DNA  replication  fidelity  of  the  DNA  synthesome  from  other  genetically 
matched  breast  tumor  and  tissue  samples,  from  other  normal  breast  reduction  tissue,  and  from  several  types 
of  benign  tumors  are  ongoing. 

Mutant  and  wildtype  colonies  were  collected  and  grown  separately  in  LB  broth  containing 
tetracycline  and  kanamycin  over  night.  The  clonal  populations  of  mutant  and  normal  E.coli  were  then 
collected  by  centrifugation,  resuspended  in  fresh  LB  broth,  made  10%  in  glycerol,  and  frozen  at  -SO^C  for 
later  extraction  and  nucleotide  sequencing  of  the  lacZa  gene  in  the  plasmid. 


V.  Results  of  Task  V:  DNA  sequencing  and  analysis  of  the  mutant  DNA  replication  products, 
Months  12-48. 

I  have  built  an  extensive  library  of  clonal  mutants  isolated  from  the  blue/white  mutant  selection 
assay.  In  order  to  determine  whether  the  mutations  observed  in  the  bacterial  colonies  isolated  from  the 
mutant  selection  assay  occur  randomly  or  are  located  to  specific  segments  of  the  plasmid  DNA  template 
we  have  completed  sequencing  P-galactosidase  gene  (Lac  Za)  extracted  from  clonal  mutant  (white)  and 
normal  (blue)  colonies.  To  this  date,  we  have  been  able  to  successfully  sequence  four  mutant  and  four 
normal  plasmid  extracted  from  bacteria  transfected  with  the  pBK-CMV  replicated  by  the  breast  cancer 
DNA  synthesome  (MCF7).  We  have  utilized  the  automated  sequencing  (UMAB  sequencing  facility)  to 
sequence  the  p-galactosidase  gene  (Lac  Za).  Using  flanking  primers  (27  bp  each)  shown  in  figure  89  of  the 
appendix,  we  were  able  to  identify  the  types  of  errors  which  occur  as  a  result  of  the  DNA  synthesome- 
mediated  DNA  replication  (figure  9).  To  date,  three  types  of  mutations  have  been  observed:  1)  insertions 
of  a  single  nucleotide,  2)  deletions  of  a  single  nucleotide,  and  3)  nucleotide  misincorporations  (i.e.  G/T 
mispairs). 


VI.  Results  of  additional  experiments;  Months  36-48. 

Intact  cell  DNA  replication  fidelity  studies. 

Studies  are  ongoing.  We  are  unable  to  report  data  at  this  time. 

Identification  of  DNA  repair  proteins  that  co-fractionate  with  the  DNA  synthesome. 
by  SDS-Polyacrylamide  Gel  Electrophoresis  (PAGE)  and  Immunoblotting  Analyses 

As  shown  in  figure  1 1  the  DNA  repair  proteins  hMSH2,  hMLHl,  hPMS2,  GTBP  (hMSH6),  MYH, 
and  Ku  were  detected  exclusively  in  the  sucrose  gradient  fractions  numbers  4  through  7.  More 
importantly,  these  are  the  same  fractions  in  which  nearly  all  of  the  DNA  replication  activity  and  activities 
from  DNA  polymerases  a  and  5  have  been  detected  (figures  lOa-c).  Thus,  these  data  provide  compelling 
evidence  toward  the  hypothesis  that  the  DNA  synthesome  is  tightly  associated  with  at  least  some  of  the 
proteins  responsible  for  carrying  out  DNA  mismatch  repair.  Furthermore,  the  direct  association  of  the 
DNA  repair  proteins  with  the  DNA  synthesome  may  make  a  significant  contribution  toward  the  overall 
fidelity  of  the  DNA  replication  machinery. 
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Specific  Binding  to  Mispaired  and  IDL  containing  DNA  templates 

As  shown  in  figures  12a-12d,  reactions  which  allowed  the  human  breast  cell  DNA  synthesome  to 
bind  a  radiolabelled  DNA  template  containing  either  a  G/T  mispair,  or  an  insertion-deletion  loop  of  2  or  4 
nucleotides  demonstrated  that  the  human  breast  DNA  synthesome  has  a  high  specific  binding  activity  as 
they  were  not  able  to  be  competed  away  by  high  concentrations  (up  to  900  fold)  of  unlabeled 
homopolymer  DNA  (fig.  1 2d),  (containing  no  errors).  Competition  created  in  the  same  manner 
demonstrated  that  synthesome  binding  to  the  mismatched  templates  can  be  competed  away  almost 
completely  by  an  unlabeled  mismatch  containing  DNA  template  (figs.  12a-c).  Studies  comparing  the 
relative  binding  affinities  of  the  DNA  synthesome  for  the  G/T,  IDL2  and  IDL4  are  ongoing. 

Co-localization  of  DNA  synthesome-associated  mismatch  repair  proteins  with  the  mismatch- 
containing  DNA  template. 

Studies  are  ongoing.  We  are  unable  to  report  data  at  this  time. 

Co-immunoprecipitation  Analyses 

Studies  are  ongoing.  We  are  unable  to  report  data  at  this  time. 


Discussion 

Our  original  proposal  described  experiments  in  which  an  Ml 3  vector  containing  the  SV40  viral 
origin  of  DNA  replication  and  the  p-galactosidase  gene  were  covalently  linked.  This  Ml  3  vector  was  used 
in  an  in  vitro  DNA  replication  assay  in  which  DNA  synthesis  was  mediated  by  a  multiprotein  DNA 
replication  complex  (the  DNA  synthesome)  isolated  from  both  malignant  and  non-malignant  human  breast 
cells.  Our  goals  were  to  determine  whether  the  DNA  synthetic  machinery  (the  DNA  synthesome)  of 
breast  cancer  cells  was  more  error-prone  than  the  DNA  synthetic  machinery  of  normal  breast  cells,  and 
whether  our  results  supported  the  hypothesis  that  the  higher  incidence  of  mutations  observed  in  breast 
cancer  cells,  was  due  to  a  reduction  in  the  fidelity  of  the  breast  cancer  cell  DNA  synthesome  relative  to  the 
fidelity  of  the  normal  breast  cell  DNA  synthesome  . 

In  setting  up  the  mutation  selection  assay,  we  discovered  that  Ml  3  had  an  inherent  mutation 
frequency  of  2-5  x  10"^.  mutant  colonies  relative  to  total  transfectants.  We  believed  that  this  high 
spontaneous  rate  of  mutation,  when  the  Ml 3  was  simply  transfected  into  bacterial  cells,  would  potentially 
mask  the  true  mutation  rate  arising  from  errors  created  by  the  breast  cancer  cell  DNA  synthesome.  If  this 
were  correct  it  would  make  it  impossible  to  accurately  assess  whether  the  breast  cancer  cell  DNA 
synthesome  was  error-prone.  To  overcome  this  potential  difficulty  we  developed  a  strategy  to  covalently 
link  the  SV40  viral  origin  of  replication  and  the  P-galactosidase  gene  into  a  regular  plasmid.  During  our 
initial  planning  of  the  details  to  construct  this  plasmid  vector,  we  discovered  that  Stratagene  had  already 
constructed  such  a  vector  (pBK-CMV),  and  that  it  could  be  purchased  from  the  company.  We  rapidly 
discovered  that  the  Stratagene  plasmid  could  be  replicated  in  vitro  by  the  DNA  synthesome,  and  that  the 
level  of  DNA  replication  could  be  optimized  to  that  observed  in  the  in  vitro  DNA  replication  assay 
employing  another  routinely  used  DNA  template,  pSVO+.  The  spontaneous  mutation  frequency  of  the 

unreplicated  plasmid  transfected  into  the  XL  1 -Blue  MRF'  strain  of  E.coli  was  found  to  be  less  than  lx  10“ 
10 

While  this  aspect  of  the  project  was  being  developed,  our  laboratory  group  isolated  the  multiprotein 
DNA  replication  complex  (the  DNA  synthesome)  from  two  genetically  matched  human  breast  cell  lines, 
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Hs578BSt  (non-malignant)  and  Hs578T  (malignant),  and  two  other  human  breast  cell  lines,  the  MCF  lOA 
(non-malignant)  and  MCF7  (malignant),  using  the  method  previously  described  by  our  lab  for  other 
mammalian  cell  lines  (27,28,35,36).  The  DNA  synthesome  from  each  of  these  human  breast  cell  lines  is 
fully  competent  to  complete  full  length,  semiconservative,  large  T-antigen  dependent  in  vitro  DNA 
replication.  This  fact,  as  well  as  results  described  previously  by  our  lab  (27,28,35,36)  suggest  that  all  of  the 
cellular  protein  activities  necessary  for  in  vitro  SV40  DNA  synthesis  are  present  within  the  DNA 
synthesome  isolated  from  the  Hs578Bst,  Hs578T,  MCFIOA,  and  MCF7  human  breast  cell  lines. 
Additionally,  the  requirements  for  SV40  DNA  replication  in  vitro  by  the  isolated  human  breast  cell  DNA 
synthesome  are  comparable  to  the  requirements  that  have  been  observed  with  crude  cell  extracts  from 
permissive  cells  (30);  namely,  the  initiation  of  SV40  DNA  synthesis  is  dependent  on  the  presence  of  both 
large  T-antigen  and  a  functional  SV40  replication  origin  sequence. 

An  initial  assessment  of  the  level  and  fidelity  of  DNA  replication  carried  out  by  the  DNA 
synthesome  of  each  of  the  human  breast  cell  culture  lines  suggests  a  relationship  between  the  relative  rate 
with  which  the  DNA  template  is  replicated  by  the  DNA  synthesome  and  the  relative  frequency  of 
mutational  sequence  errors  that  are  created  in  the  replicated  DNA.  Thus  far,  we  have  found  that  the  level 
of  DNA  replication  is  between  3.6  -5.6  fold  higher  (fig.5)  in  the  replication  reactions  mediated  by  the  DNA 
synthesome  from  the  cultured  breast  cancer  cells  than  those  mediated  by  the  DNA  synthesome  from 
cultured  non-malignant  breast  cells.  The  apparent  increased  rate  of  replication  carried  out  by  the  breast 
cancer  cell  DNA  synthesome  correlates  with  an  4.4-5. 7  fold  increase  (fig.  7)in  the  frequency  of  mutations 
in  the  plasmid  DNA  replicated  by  the  DNA  synthesome  from  the  malignant  cultured  breast  cells  than  when 
it  is  replicated  by  the  synthesome  from  the  non-malignant  cultured  breast  cells. 

I  have  also  begun  to  examine  the  fidelity  of  the  DNA  synthesome  extracted  from  genetically 
matched  malignant  and  non-malignant  human  breast  tissue,  as  well  as  from  normal  human  breast  reduction 
tissue.  Excitingly,  the  initial  DNA  replication  fidelity  data  we  have  collected  form  these  samples  supports 
the  fidelity  data  gathered  from  the  DNA  synthesome  from  malignant  and  non-malignant  cell  lines. 

However,  the  direct  correlation  between  the  specific  replication  activity  and  mutation  frequency  that  was 
observed  for  the  DNA  synthesome  from  the  breast  cell  lines  has  not  been  observed  for  the  DNA 
synthesome  from  the  breast  tissue  samples.  Although  the  mutation  rate  of  the  DNA  synthesome  from  the 
malignant  breast  tumors  was  observed  to  be  significantly  elevated  (3. 5-3. 6  fold  above  the  non-malignant 
mutation  level)(fig.  7),  the  level  of  specific  replication  activity  (pmol/hr/pg)  (fig.5)  was  not  significantly 
higher  than  that  observed  for  the  synthesome  from  non-malignant  breast  tissue.  Thus,  the  level  with  which 
the  DNA  synthesome  replicates  DNA  does  not  necessarily  dictate  the  level  of  fidelity  with  which  it  will 
carry  out  this  task.  Studies  are  ongoing  on  other  tumor/tissue  samples  in  order  to  confirm  these  initial 
conclusions. 

After  recently  identifying  that  the  primary  type  of  replication  errors  made  by  the  malignant  DNA 
synthesome  were  nucleotide  insertions,  deletions,  and  mismatches  I  have  designed  and  initiated  a  series  of 
experiments  to  explore  the  possible  involvement  of  several  of  the  DNA  repair  proteins  in  the  DNA 
synthesome-mediated  replication  process.  Since  the  human  homologues  to  the  bacterial  MutHLS  mismatch 
repair  system  are  known  to  repair  these  types  of  replication  errors,  it  seems  evolutionarily  advantageous 
that  they  would  be  closely  linked  to  the  DNA  replication  machinery,  in  order  to  quickly  and  efficiently 
repair  these  types  of  errors.  In  fact,  compelling  evidence  exists  to  suggest  that  such  an  interaction  exists 
between  the  DNA  repair  and  the  DNA  replication  systems  (40).  Additionally,  there  has  been  a  significant 
amount  of  recent  literature  reporting  that  alterations  in  proteins  hMSH2,  hMLHl,  hPMS2,  and  GTBP  may 
play  a  role  in  the  initiation  and  /or  progression  of  several  types  of  cancer.  For  these  reasons,  we  have 
chosen  to  look  for  an  association  of  these  repair  proteins  with  the  human  breast  cell  DNA  synthesome.  We 
have  also  begun  to  explore  the  interaction  of  the  DNA  synthesome  with  MYH  (homolog  to  the  bacterial 
MutY  protein),  an  adenine  glycosylase  which  removes  A/G  and  A/GO  errors  (49-51).  Most  recently,  we 
have  also  begun  examining  the  association  of  the  protein  kinase  Ku  with  the  DNA  synthesome,  as  it  has 
also  been  suggested  to  participate  in  DNA  replication  and  repair  (52,  53). 
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•  I 

.  To  begin  to  define  the  involvement  of  these  proteins  with  the  human  breast  cell  DNA  synthesome,  I 
performed  Western  immunoblot  analyses  on  SDS-PAGE  resolved  DNA  synthesome  proteins  from  the 
MCF7  cell  line.  The  DNA  synthesome  fractions  used  had  been  purified  through  the  sucrose  gradient  step 
(the  most  enriched  for  DNA  synthesome  proteins  of  our  fractionation)  (see  fig.  1).  Excitingly,  all  of  the 
major  mismatch  and  two  other  repair  proteins  (46,47)  for  which  we  have  probed  were  detected  exclusively 
in  the  fractions  which  support  peak  DNA  polymerase  a,  polymerase  5,  and  most  importantly,  complete  in 
vitro  DNA  replication  (Fig  10)  (27,  28,  35).  Thus,  we  our  initial  structural  data  suggests  that  these  DNA 
repair  proteins  may  be  tightly  associated  with  the  human  breast  cell  DNA  synthesome. 

Gel  shift  studies  have  also  been  initiated  in  order  to  define  the  ability  of  the  intact  breast  cell  DNA 
synthesome  to  bind  specifically  to  common  types  of  DNA  errors  such  as  insertion-deletion  loops  of  2  to  4 
nucleotides  and  mispairs  (i.e.  a  G/T  mispair).  Our  data  suggests  that  the  DNA  synthesome  binds  with 
relatively  high  affinity  to  all  of  these  types  of  mismatches,  as  competition  with  at  least  900  fold 
homopolymer  DNA  (matched  non-mismatch  containing  DNA)  does  not  significantly  disrupt  the  binding  of 
the  synthesome  to  any  of  the  mismatch  containing  DNA  templates.  Competition  studies  are  ongoing  to 
determine  to  relative  binding  affinity  of  the  human  breast  DNA  synthesome  to  these  and  other  types  of 
common  DNA  errors. 

During  this  upcoming  funding  year  we  plan  to  continue  to  expand  our  DNA  replication  fidelity 
studies  to  examine  DNA  synthesome  from  many  different  types  of  breast  cancer  and  breast  disease,  as  well 
as  examine  changes  in  the  DNA  synthesome  fidelity  in  relation  to  stage  of  breast  cancer. 

Although,  to  date,  we  cannot  yet  describe  the  actual  differences  in  the  breast  cancer  cell  DNA 
synthesome  and  the  normal  breast  cell  DNA  synthesome,  responsible  for  the  altered  replication  rate  and 
replication  fidelity  of  the  breast  cancer  cell  DNA  synthesome,  it  is  likely  that  alteration  in  specific 
components  of  the  DNA  synthesome  are  responsible  for  these  differences.  We  are  planning  a  detailed 
investigation  into  specific  molecular  alterations  of  the  DNA  synthesome  from  malignant  breast  cells, 
including  the  exploration  of  the  structural  and  functional  relationship  of  the  DNA  repair  components  of  the 
DNA  synthesome  from  malignant  and  non-malignant  human  breast  cells. 

To  date,  our  results  support  the  hypothesis  that  the  cellular  transformation  process  is,  at  least 
partially,  a  consequence  of  an  increased  rate  in  the  accumulation  of  certain  types  of  mutations  and  that 
these  mutations  arise,  in  part,  due  to  a  decrease  in  the  fidelity  of  the  DNA  replication  machinery  (i.e.  DNA 
synthesome)  of  the  cancer  cell. 
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Figure  5 


DNA  synthesis  and  replication  activities  of  the  malignant  and  non-malignant  human  breast  DNA 
synthesome. 


Smircc  of  DNA 

DNA  polymerase  u. 

DNA  replication 

DNA  replication 

Fold  TAg  dependent 

synthesome 

activity  ‘ 

(+TA»)*' 

(-TAg)*' 

replication  aetisity ' 

MALIGNANT 
human  breast  cells 

MCF7 

5394  (7  fold) 

9,110 

1,730 

5.6 

Hs578T 

7528  (18  fold) 

5,724 

1,257 

3.6 

MDA-MB468 

N/A/ 

N/A 

N/A 

- 

'  tumor  A 

912  (1.3  fold) 

1,480 

333 

1.0 

'  tumor  B 

352  (3.5  fold) 

1,100 

0 

1.3 

'  tumor  C 

700  (1.7  fold) 

2,500 

165 

2.0 

'  tumor  D 

417  (1.4  fold) 

1,250 

0 

1.0 

“  tumor  E 

650  (6.5  fold) 

N/A 

N/A 

N/A 

'  tumor  F 

N/A 

N/A 

N/A 

N/A 

'  tumor  G 

N/A 

N/A 

N/A 

N/A 

NON-MALIGNANT 
human  breast  cells 

MCFIOA 

745 

1,378 

57 

- 

Hs578Bst 

400 

1,272 

42 

- 

“  tissue  A 

700 

1,500 

0 

- 

'  tissue  B 

99 

870 

0 

- 

“  tissue  C 

420 

1145 

0 

- 

'  tissue  D 

300 

1150 

0 

- 

“  tissue  E 

100 

N/A 

N/A 

- 

®  tissue  F 

N/A 

N/A 

N/A 

- 

'  tissue  G 

N/A 

N/A 

N/A 

- 

NON-MALIGNANT 
human  breast  tissue 

benign  phylodes  tumor 

27 

N/A 

N/A 

- 

benign  ductal 

hyperplasia 

270 

N/A 

N/A 

- 

NORMAL  breast  cells 

- 

normal  A 

43 

1210 

0 

- 

®  Surgically  resected  female  human  breast  tissue.  Genetically  matched  samples  are  denoted  by  corresponding  alphanumeric 
designations  (tumor  A ,  tissue  A,  etc.)  Factors  such  as  stage  of  malignancy,  genetics,  race,  age,  were  double  blind  under  after 
data  collection. 

’’  Surgically  resected  breast  reduction  tissue  from  healthy  females. 

'  DNA  polymerase  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to  published  procedmes.  One 
unit  of  DNA  polymerase  activity  is  equivalent  to  1  picomoles  [^H]TMP  incorporated  in  DNA  per  hour  per  microgram  protein 
at  35°C.  The  values  represent  the  average  of  two  independent  experiments. 

In  vitro  DNA  replication  activity  assays  were  perfomed  as  described  previously.  Units  represent  amount  of  nascent  DNA 
produced  expressed  as  picomoles  nascent  DNA  per  hour  per  microgram  synthesome  protein.  The  values  represent  the  average 
of  two  independent  experiments.  TAg=  SV40  large  T-antigen. 

'Values  represent  T-antigen  independent  DNA  synthesis  (pmol  DNA  per  hour  per  microgram) 

“^fold  TAg  dependent  specific  replication  activity  (+TAg  values  minus  -TAg  values)  of  DNA  synthesome  from  malignant 
breast  cells  divided  by  those  values  from  obtained  from  DNA  synthesome  from  non-malignant  breast  cells. 
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Figure  7 


DNA  replication  fidelity  estimates  of  the  malignant  and  non-malignant  human  breast  DNA 
synthesome 


Source  of  DNA 

total  mimher  of 

mimber  of  mutant 

mutant  fre(|uenc> 

fold  mutation  rate '' 

synthesome 
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(X  Id'"  ‘ 

MALIGNANT 
human  breast  cells 

MCF7 

576 

51.5 

4.4 

Hs578T 

960 

86.5 

5.7 

MDA-MB468 

762 

68.1 

NG 

®  tumor  A 

141 

25.2 

3.6 

“  tumor  B 

209 

37.2 

3.8 

“  tumor  C 

N/A 

N/A 

N/A 

N/A 

“  tumor  D 

N/A 

N/A 

N/A 

N/A 

NON-MALIGNANT 
human  breast  cells 

MCFIOA 

66 

11.8 

- 

Hs578Bst 

113 

15.0 

- 

“  tissue  A 

13 

6.97 

- 

“  tissue  B 

1.0  X  10“* 

18 

9.62 

- 

“  tissue  C 

N/A 

N/A 

N/A 

.. 

®  tissue  D 

N/A 

N/A 

N/A 

. 

NON-MALIGNANT 
human  breast  tissue 

benign  fibroadenoma 

N/A 

N/A 

N/A 

- 

benign  phylodes  tumor 

N/A 

N/A 

N/A 

- 

benign  ductal 
hyperplasia 

N/A 

N/A 

N/A 

- 

NORMAL  breast  cells 

- 

normal  A 

1.0  X  lO** 

12 

6.43 

- 

“  Surgically  resected  female  human  breast  tissue.  Genetically  matched  samples  are  denoted  by  corresponding  alphanumeric 
designations  (tumor  A .  tissue  A,  etc.)  Factors  such  as  stage  of  malignancy,  genetics,  race,  age.  were  double  blind  under  after 
data  collection. 

^  Surgically  resected  breast  reduction  tissue  from  healthy  females. 

°  Values  represent  the  relative  number  of  errors  created  per  nucleotide  of  the  replicated  plasmid.  This  derivation  was  based  on 
the  following  formula  described  by  Roberts  and  Kunkel  (1988):  The  number  of  mutant  colonies/total  number  of  transformed 
colonies  minus  the  background  mutation  rate  (none  detected  in  5  x  10'*  colonies)  divided  by  the  chance  of  a  nucleotide  defect 
within  in  the  lacZ  a  gene  if  the  colony  expresses  a  white  phenotype  (0.5)  divided  by  the  number  of  sites  in  the  target  gene 
(373  bp).  The  lacZ  a  gene  comprises  8.25%  of  the  total  pBK-CMV  plasmid  (4518bp).  Each  value  represents  the  average  of 
2-3  individual  experiments. 

Values  represent  the  fold  increase  in  mutation  frequency  of  the  malignant  synthesome  as  compared  to  its  genetically 
matched  non-malignant  counterpart.  NG  =  no  genetically  matched  counter  part  available.  N/A=  data  not  available  at  this 
time. 
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Sequencing  primers  {21  bp  each)  for  the  lacZa  2ene 


Fig.  8 


Primer  1 


5  ’  CA  CTTAAAA  TTGGA  TCTCCA  TTCGCCCfTOP  STRAND) - > 

3’  GTGAATTTT  AAC  CTAGAGG  TAAGCGG  TAAGTCCGACGCGTTGACAA 

TOP  STRAND — >  - > 

3’GGGAAGGGCGTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGG 

- > 

3’GGATGTGCTGCAAGGCGATTAAGTTGG  GTAACGCCAG  GGTTTTCCCA 

- > 

3  ’GTC  ACGACGTTGTAAAACGACGGCCAGTGAATTGTAAT  ACGACTCACTAT 

- > 

3’AGGGCGAATTGGGTACACTTACCTGGTACCCCACCCGGGTGGAAAATCGA 

- > 

3’TGGGCCCGCGGCCGCTCTAGAAGTACTCTCGAGAAGCTTTTTGAATTCTT 

- > 

3’TGGATCCACTAGTGTCGACCTGCAGGCGCGCGAGCTCCAGCTTTTGTTCC 


5’--  GAAATCACTCCCAATTAAAGCT C  GAA  C  CGCA  TTAG  TTCCA  3’ 

3’  CTTTAGTGAGG  < -  GGCGTAATCAAGGT 


5’  ATAGATACTGG 

TAT  CGATGACC  5’  (BOTTOM  STRAND) 

Primer  2 
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Fig.  9 


Mutations  in  the  lac  Z  a  gene  of  pBK-CMV  Replicated  by  the  MCF7  DNA  Svnthesome 


5’  CACTTAAAATTGGATCTCCATTCGCC  (TOP STRAND) - > 

3  ’  GTGAATTTTAACCTAGAGGTAAGCGGTAAGTCCGACGCGTTGACAA 


TOP  STRAND — >  - C - T - > 

3’GGGAAGGGCGTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGG 


insertion  of  additional  C 

. . -ACCCCATT - > 

GGGATGTGCTGCAAGGCGATTAAGTTGGGTAA  CGCCAG  GGTTTTCCCA 

G/Tmispair 

- G - > 

3’GTCACGACGTTGTAATAACGACGGCCAGTGAATTGTAATACGACTCACTAT 

insertion  of  additional  T 
G/T  mispair 

- G - > 


3  ’  AGGGCGAATTGGGT  AC  ACTTACCTGGTACCCCACCCGGGTGGAAAATCGA 


insertion  of  C 

- AAACAA - > 

3’TGGGCCCGCGGCCGCTCTAGAAGTACTCTCGAGAAGCTTTTTGAATTCTT 


deletion  of  TA 

- “  tA” - > 

3’TGGATCCACTAGTGTCGACCTGCAGGCGCGCGAGCTCCAGCTTTTGTTCC 


S’—  GAAATCACTCCCAATTAAA  GCTC  GAACC GCAT  TAGTT CCA 
3’  CTTTAGTGAGG  < - CGAGCTTGGCGTAATCAAGGT 

5’  ATAGATACTGG 

3’  TAT  CGATGACC  5’  BOTTOM  STRAND 
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Fig.  10 


Fig.  10-  DNA  polymerase  a  and  5  and  DNA  replication  activities  are  found  between 
sucrose  gradient  fractions  4  and  7. 
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Figure  11.  DNA  repair  proteins  are  found  exclusively  in  those  sucrose 
SG  fractions  which  contain  peak  replication  activity 


Fig.  11 


25  - 


Fig.  12 


Figure  12  a.  Binding  of  the  DNA  sjuthesome  to  DNA  containing  a  G/T  mismatch 

t  0  1  30  100  300  600  900  fold  G/T  competitor 

1  2  3  4  5  6  7  8 

boundG/T  template  Ml 41k  gw  m 

free  G/T  template  4k 


Figure  12  b.  Binding  of  the  DNA  synthesome  to  DNA  containing  an  IDL2 

t  0  1  30  100  300  600  900  fold  IDL2  competitor 
1  2  3  4  5  6  7  8 

bound  IDL2  template 


Figure  12  c.  Binding  of  the  DNA  synthesome  to  DNA  containing  an  IDL4 

t  0  1  30  100  300  600  900  fold  IDL4  competitor 
1  2  3  4  5  6  7  8 


bound  IDL4  template  ws  1^: 


free  IDL4  template 


Figure  12d,  Homopolymer  DNA  (without  a  mbmatch  or  IDL)  is  not  able  to  compete 
for  binding  when  the  DNA  synthesome  is  bound  to 
DNA  containing  a  G/T  mismatch,  an  IDL2,  or  an  IDL4. 


t  0  1  30  100  300  600  900  fold  hompolymer  competitor 

1  2  3  4  5  6  7  8 


bound  mismatched  DNA; 
G/T,  IDL2,  or  1DL4 


free  mismatched  DNA:  '<*'  'w  4k  **  w 

G/T.  IDL2.  or  IDL4  ^ 
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Abstract.  In  this  report,  we  describe  for  the  first  time  the  isolation  and  purification  of  a  multiprotein  complex 
for  DNA  replication  from  MDA  MB-468  human  breast  cancer  cells.  TTiis  complex,  which  we  designate  the 
DNA  synthesome,  fully  supports  the  in  vitro  replication  of  simian  virus  40  (SV40)  origin-containing  DNA  in 
the  presence  of  the  viral  large  T-antigen.  Since  the  SV40  virus  utilizes  the  host’s  cellular  proteins  for  its  own 
DNA  replication,  our  results  indicate  that  the  DNA  synthesome  may  play  a  role  not  only  in  viral  DNA  syn¬ 
thesis  but  in  human  breast  cell  DNA  replication  as  well.  Our  studies  demonstrate  that  the  following  DNA 
replication  proteins  constitute  the  DNA  synthesome:  DNA  polymerase  a,  DNA  primase,  DNA  polymerase  5, 
proliferating  cell  nuclear  antigen,  replication  protein  A,  replication  factor  C,  DNA  topoisomerases  I,  II,  and 
DNA  polymerase  e.  In  addition,  we  successfully  isolated  the  DNA  synthesome  from  human  breast  tumor  tis¬ 
sue  as  well  as  from  xenografts  from  nude  mice  injected  with  the  human  breast  cancer  cell  line  MCF-7.  The 
DNA  synthesome  purified  from  the  breast  cancer  tissues  fully  supports  SV40  DNA  replication  in  vitro. 
Furthermore,  our  results  obtained  from  a  novel  forward  mutagenesis  assay  suggest  that  the  DNA  synthesome 
isolated  from  a  nonmalignant  breast  cell  line  mediates  SV40  DNA  replication  by  an  error-resistant  mecha¬ 
nism.  In  contrast,  the  DNA  synthesome  derived  from  malignant  breast  cells  and  tissue  exhibited  a  lower 
fidelity  for  DNA  synthesis  in  vitro.  Overall,  our  data  support  the  role  of  the  DNA  synthesome  as  mediating 
breast  cell  DNA  replication  in  vitro  and  in  vivo.  Copyright  ©  1996  Elsevier  Science  Inc. 

Key  words:  breast  cancer;  DNA  replication;  multiprotein  complex;  fidelity;  DNA  polymerase. 


Breast  cancer  is  one  of  the  most  commonly  diag¬ 
nosed  female  cancers  and  the  second  leading  cause  of 
cancer  death  among  women  [1].  Recently,  numerous 
reports  have  underscored  the  important  role  of  cell  pro¬ 
liferation  rate  as  a  prognostic  factor  for  breast  carcino¬ 
ma.  Studies  using  flow  cytometry  to  measure  the  DNA 
content  of  breast  tumor  cells  show  a  strong  association 
between  a  high  S-phase  fraction  and  poor  prognosis  for 
relapse-free  survival  in  patients  with  lymph  node-nega¬ 
tive  breast  cancer  [2],  In  addition  to  a  high  rate  of  DNA 
synthesis,  mammary  cancer  cells  exhibit  extensive 
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DNA  damage  [3],  as  compared  with  nonmalignant 
breast  cells.  The  increased  mutation  frequency  that 
accompanies  the  cellular  transformation  process  is  pos¬ 
tulated  to  arise  from  molecular  alterations  of  specific 
DNA  replication  and/or  repair  proteins  [4].  Despite  the 
knowledge  that  a  high  proliferation  activity  and 
increased  mutation  frequency  correlate  with  breast  can¬ 
cer  progression,  there  is  a  paucity  of  information 
regarding  the  regulation  and  precise  molecular  mecha¬ 
nisms  of  human  breast  cell  DNA  replication. 

To  date,  several  mammalian  enzymes  and  proteins 
have  been  shown  to  be  required  for  DNA  replication  in 
vitro  [5-10].  In  particular,  the  proteins  necessary  to  sup¬ 
port  SVdU'  based  cell-free  DNA  synthesis  include  DNA 
polymerase  a,  DNA  primase,  DNA  polymerase  5,  PCNA, 
RP-A,  RF-C,  and  DNA  topoisomerases  I  and  II  [11].  As 
mammalian  cell  DNA  replication  represents  an  intricate 
yet  highly  coordinated  and  efficient  process,  it  follows 
that  the  proteins  mediating  DNA  synthesis  may  be  orga¬ 
nized  into  a  multiprotein  complex.  In  support  of  this 
hypothesis,  several  reports  have  described  the  isolation  of 
large  macromolecular  complexes  of  replication-essential 
proteins  from  extracts  of  eukaryotic  cells  [9, 1 1, 12]. 

Our  laboratory  was  the  first  to  isolate  and  character¬ 
ize  a  multiprotein  DNA  replication  complex  from 
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human  (HeLa)  cells  and  murine  (FM3A)  mammary  car¬ 
cinoma  cells  that  fully  supports  origin-specific  and 
large  T-antigen-dependent  papovavirus  DNA  replica¬ 
tion  in  vitro  [13-15].  The  DNA  products  synthesized  by 
the  human  cell  multiprotein  complex  consist  of 
monomeric  circular  form  I  and  II  DNAs  as  well  as 
topological  and  replicative  intermediates  [13]. 
Furthermore,  the  majority  (80-90%)  of  these  products 
are  resistant  to  Dpnl  digestion,  which  is  consistent  with 
the  criteria  for  semiconservative  replication  of  full- 
length  DNA  [13,  15].  The  multiprotein  complex  was 
observed  to  retain  its  ability  to  replicate  papovavirus 
DNA  after  additional  purification  by  anion-exchange 
chromatography  and  sucrose  or  glycerol  gradient  sedi¬ 
mentation  [13-15].  In  addition,  the  integrity  of  the  mul¬ 
tiprotein  complex  was  maintained  after  treatment  with 
salt,  detergents,  RNase,  DNase  and  electrophoresis 
through  native  polyacrylamide  gels  [15,  16].  These 
results  suggest  that  the  association  of  the  proteins  with 
one  another  is  independent  of  nonspecific  interactions 
with  other  cellular  macromolecules. 

We  report  here,  for  the  first  time,  that  breast  cancer 
cells  also  utilize  a  multiprotein  complex  to  carry  out 
cellular  DNA  synthesis,  and  we  now  designate  this 
complex  the  DNA  synthesome.  We  describe  the  isola¬ 
tion  and  purification  of  the  DNA  synthesome  from 
MDA  MB-468  human  breast  cancer  cells  and  most 
importantly  from  human  breast  tumor  cell  xenografts, 
as  well  as  from  biopsied  human  breast  tumor  tissue. 
Furthermore,  we  discuss  the  results  of  a  novel  forward 
mutagenesis  assay,  which  establish  that  the  DNA  syn¬ 
thesome  isolated  from  breast  cancer  cells  and  breast 
tumor  tissue  has  a  lower  fidelity  for  DNA  replication 
than  the  DNA  synthesome  isolated  from  a  normal 
breast  cell  line.  Ultimately,  we  anticipate  that  the  com¬ 
plete  characterization  of  this  DNA  synthesome  will  lead 
to  important  new  insights  into  understanding  the  molec¬ 
ular  mechanisms  of  breast  cancer  cell  DNA  replication. 

MATERIALS  AND  METHODS 

Materials.  [a-^^P]dCTP  (3000  Ci/mmol;  370 
MBq/ml;  10  mCi/ml)  and  [^H]thymidine  (90  Ci/mmol; 
37  MBq;  2.5  mCi/ml)  were  obtained  from  DuPont  New 
England  Nuclear  (Boston,  MA).  Camptothecin  was  pur¬ 
chased  from  TopoGen,  Inc.  (Columbus,  OH).  The  drug 
was  dissolved  in  dimethyl  sulfoxide  and  stored  in 
aliquots  at  -20°C.  Purified  topoisomerase  I  enzyme  (4 
ng/ml)  and  a  topoisomerase  II  assay  kit  were  purchased 
from  TopoGen,  Inc. 

Cell  culture.  Suspension  cultures  of  MDA  MB-468 
human  breast  cells  were  adapted  from  monolayer  cul¬ 
tures.  The  cells  were  grown  in  Joklik’s  modified  Eagle’s 
medium  supplemented  with  5%  each  of  irradiated  new¬ 
born  calf  serum  and  FBS.  Exponentially  growing  cells 
(5  X  10^  cells/ml  medium)  were  harvested  and  washed 
three  times  with  PBS:  20  mM  Na2HP04,  0.15  mM 
NaCl,  2.7  mM  KCl,  1.5  mM  KH2PO4.  The  cells  were 
then  pelleted  by  low-speed  centrifugation  (1000  rpm,  5 
min,  4°C),  and  the  cell  pellets  stored  at  -80°C  until 
fractionation.  Hs587Bst  cells  were  cultured  in  monolay¬ 


er  in  DMEM  supplemented  with  30  ng/ml  epidermal 
growth  factor  and  10%  FBS.  Subconfluent  cells  were 
harvested  and  washed  three  times  with  PBS.  The  cells 
were  then  pelleted  by  low-speed  centrifugation  (1000 
rpm,  5  min,  4°C)  and  the  pellets  stored  at  -80°C  until 
fractionation.  MCF-7  cells  were  cultured  in  Eagle’s 
minimum  essential  medium  containing  5%  FBS  and 
600  p-g/ml  neomycin  sulfate,  as  described  in  Yue  et  al. 
[17].  Subconfluent  MCF-7  cells  were  scraped  into 
Hanks’  solution  and  centrifuged  at  1000  rpm  for  2  min 
at  4°C.  The  cells  were  then  prepared  for  inoculation 
into  intact  nude  mice  according  to  published  procedures 
[17]. 

Human  breast  tumor  tissue.  A  biopsy  from  an  infiltrat¬ 
ing  ductal  type  carcinoma  of  the  female  mammary  gland 
was  immediately  frozen  at  -80°C  after  resection.  To 
examine  the  tumor  tissue  for  the  presence  of  a  functional 
DNA  synthesome,  the  breast  tumor  tissue  was  thawed 
and  subjected  to  the  purification  protocol  described  in  a 
later  section  of  these  Materials  and  Methods. 

Isolation  and  Purification  of  the  DNA  Synthesome 
from  Breast  Cancer  Cells 

Cell  fractionation.  MDA  MB-468  (20  g)  and 
Hs587Bst  (2  g)  cells  were  homogenized,  and  the  breast 
cell  DNA  synthesome  was  purified  according  to  our 
previously  published  procedures  [13-15]  and  as  out¬ 
lined  in  Figure  1 .  Briefly,  the  respective  cell  pellet  was 
resuspended  in  2  volumes  of  buffer  (50  mM  Tris-HCl 
(pH  7.5),  0.25  M  sucrose,  5  mM  MgClz,  0.1  mM 
PMSF,  0.1  mM  AAN  (pH  7.5),  and  1  mM  DTT)  and 
homogenized  using  a  loose-fitting  Dounce  homogeniz- 
er.  The  homogenate  was  then  fractionated  into  a  nuclear 
pellet  and  cytosolic  extract.  The  nuclei  were  extracted 
with  a  low  salt  buffer  (0.15  M  KCl),  while  the  cytosolic 
fraction  was  used  to  prepare  a  postmicrosomal  super¬ 
natant  (S-3).  The  nuclear  extract  and  the  postmicroso¬ 
mal  supernatant  were  combined  and  adjusted  to  2  M 
KCl  and  5%  (w/v)  polyethylene  glycol.  The  mixture 
was  rocked  for  1  h  at  4°C,  then  centrifuged  at  16,000 
rpm  for  15  min  (4°C).  The  resulting  supernatant  was 
then  dialyzed  against  buffer  A  [13]  containing  0.25  M 
sucrose.  The  dialyzed  fraction  was  clarified  by  centrifu¬ 
gation  at  13,000  rpm  for  15  min,  and  the  supernatant 
solution  was  layered  onto  a  1-ml  2  M  sucrose  cushion 
containing  buffer  A.  After  centrifugation  at  40,000  rpm 
for  16  h  (4°C),  the  supernatant  S-4  and  sucrose  inter¬ 
face  P-4  fractions  were  collected  and  dialyzed  against 
buffer  B  [13].  The  fractions  were  then  immediately  test¬ 
ed  for  DNA  polymerase  a  and  in  vitro  SV40  DNA 
replication  activities. 

Column  chromatography.  Five  milliliters  of  the  dia¬ 
lyzed  MDA  MB-468  P-4  fraction  was  loaded  onto  a  1  - 
ml  Q-Sepharose  (Pharmacia,  Piscataway,  NJ)  column  (1 
cm-^  bed  volume/25  mg  protein)  preequilibrated  with 
buffer  B.  The  protein  not  binding  to  the  matrix  was  col¬ 
lected  and  designated  the  column  flow-through.  After 
washing  the  matrix  with  8  column  volumes  of  buffer  B, 
the  column  was  eluted  with  10  volumes  of  a  linear 
50-500  mM  gradient  of  KCl.  Fractions  of  0.4  ml  were 
collected  and  assayed  for  protein  and  enzymatic  activity. 
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Fractionation  Scheme  for  the  Breast  Cancer  Cell  DNA  Synthesome 
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Figure  1.  Flow  diagram  of  the  isolation  scheme  used  to  purify  the  DNA  synthesome  from  MDA  MB-468  human  breast 
cancer  cells.  A  detailed  description  of  the  isolation  scheme  is  presented  in  the  Materials  and  Methods. 


Fractions  containing  the  peak  of  DNA  polymerase  a  and 
in  vitro  SV40  DNA  replication  activities  were  pooled, 
dialyzed  against  TDEG  buffer  [13],  and  stored  at  -80°C. 

Velocity  sedimentation  analysis  of  the  DNA  synthe¬ 
some  isolated  from  MDA  MB-468  breast  cancer  cells. 
Six  hundred  microliters  (600  p-g  of  protein)  of  the  DNA 
synthesome  present  in  the  Q-Sepharose  peak  fraction 
was  layered  over  a  10-ml  10-30%  sucrose  gradient  con¬ 
taining  0.5  M  KCl.  Velocity  sedimentation  analysis  was 
performed  as  described  in  a  previously  published  report 
from  this  laboratory  [15],  The  sedimentation  analysis  of 
marker  proteins  (horse  spleen  apoferritin  [17S]  and  yeast 


alcohol  dehydrogenase  [7S])  was  performed  on  parallel 
gradients  to  verify  that  the  gradient  was  isokinetic. 

Micro-isolation  and  Purification  of  the  DNA 
Synthesome  from  Breast  Tumor  Tissue 

Cell  fractionation.  The  DNA  synthesome  was  puri¬ 
fied  from  breast  tumor  tissue  according  to  a  modified 
version  of  the  isolation  scheme  depicted  in  Figure  1  and 
as  described  in  a  previous  section  of  these  Materials 
and  Methods.  All  steps  of  the  fractionation  process 
were  altered  to  facilitate  the  purification  of  the  DNA 
synthesome  from  small  quantities  of  breast  tumor  tis¬ 
sue.  The  human  breast  tumor  (8.55  g)  was  dissected  and 
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finely  chopped  with  a  tissue  chopper  at  4°C.  The 
minced  breast  tissue  was  then  suspended  in  1  volume  of 
buffer  (50  mM  Tris-HCl  (pH  7.5),  0.25  M  sucrose,  5 
mM  MgClz,  0.1  mM  PMSF,  0.1  mM  AAN  (pH  7.5)  and 
1  mM  DTT)  and  homogenized  using  a  1-ml  Bounce 
homogenizer.  The  homogenate  was  centrifuged  at  2,000 
rpm  for  10  min  (4°C),  and  the  crude  nuclear  pellet  (NP) 
and  cytosolic  fraction  (S-1)  were  collected  separately. 
The  nuclear  pellet  was  resuspended  in  1  volume  of 
nuclei  extraction  buffer  [13]  containing  0.15  M  KCl. 
After  rocking  the  nuclear  pellet  for  2  h  at  4°C,  the 
extracted  nuclei  were  centrifuged  at  22,300  rpm  for  2.1 
min  (4°C)  using  a  TLA  100.3  rotor  and  the  supernatant 
(NE)  retained.  To  remove  mitochondria  and  micro- 
somes,  the  S-1  fraction  was  subjected  to  differential 
centrifugation  using  a  TLA  100.3  rotor:  17,800  rpm, 
3.2  min  and  59,700  rpm,  22.2  min,  respectively.  The 
final  postmicrosomal  supernatant  (S-3)  was  collected. 
The  NE  was  combined  with  the  S-3  fraction;  4.5  ml  of 
the  NE/S-3  fraction  was  then  layered  over  a  0.5-ml  2  M 
sucrose  cushion.  After  centrifugation  at  40,000  rpm  for 
16  h  (4°C)  using  a  Beckman  (Columbia,  MB)  SW55.Ti 
swinging  bucket  rotor,  the  S-4  and  P-4  fractions  were 
collected,  dialyzed  against  a  low-salt  TBEG  buffer,  and 
assayed  for  their  respective  enzymatic  activities.  These 
same  steps  were  followed  to  purify  the  BNA  synthe¬ 
some  from  the  xenografts  grown  in  nude  mice. 

Column  chromatography.  Seven  hundred  microliters 
of  the  dialyzed  human  breast  tumor  P-4  fraction  (3.3 
mg  protein)  was  loaded  onto  a  0.15-ml  BEAE  cellu¬ 
lose  column,  preequilibrated  in  TBEG  buffer  contain¬ 
ing  5  mM  KCl.  The  protein  not  binding  to  the  matrix 
was  collected,  and  designated  the  column  flow¬ 
through.  The  column  was  washed  with  8  column  vol¬ 
umes  of  preequilibration  buffer.  Matrix-bound  protein 
was  then  eluted  with  8  volumes  of  TBEG  buffer  con¬ 
taining  1  M  KCl.  Fractions  of  approximately  0.1  ml 
were  collected,  dialyzed  against  TBEG  buffer,  and 
assayed  for  their  BNA  polymerase  a  and  in  vitro  BNA 
replication  activities. 

Purification  of  SV 40  large  T-antigen.  SV40  large  T- 
antigen  was  purified  from  293  cells  infected  with  a 
recombinant  adenovirus  vector,  Ad-SVR284,  as 
detailed  elsewhere  [18]. 

In  vitro  SV40  DNA  replication  assay.  Assay  reaction 
mixtures  (12.5  pi)  contained  80  mM  Tris-HCl  (pH  7.5); 
7  mM  MgCl2;  1  mM  BTT;  3-20  pg  protein  fraction; 
0.5-1 .0  pg  purified  SV40  large  T-antigen;  25  ng  plasmid 
pSVO+  [19]  containing  an  insert  of  SV40  replication- 
origin  BNA  sequences;  100  pM  each  dTTP,  dATP, 
dGTP;  200  pM  each  rCTP,  iGTP,  UTP;  4  mM  ATP;  25 
pM  [a-^^P]dCTP;  40  mM  creatine  phosphate;  1  pg  crea¬ 
tine  kinase.  Each  reaction  was  incubated  for  2  h  at  35°C. 
The  replication  assay  reaction  products  were  processed 
using  BE8 1  (Whatman,  Maidstone,  UK)  filter  binding  to 
quantitate  the  amount  of  radiolabel  incorporated  into  the 
replication  products  [20].  One  unit  of  SV40  replication 
activity  is  equivalent  to  the  incorporation  of  1  pmol 
dNMP  into  SV40  origin-containing  plasmid  BNA  per  2 
h  under  these  described  assay  conditions. 


Enzyme  assays.  BNA  polymerase  a  activity  with 
activated  calf  thymus  BNA  templates  was  assayed 
according  to  published  procedures  [21,  22].  One  unit  of 
BNA  polymerase  a  activity  is  equivalent  to  1  nmol 
total  [3H]TMP  incorporated  into  BNA  per  hour  at  35°C. 
The  assay  for  DNA  topoisomerase  1  activity  is  a  modifi¬ 
cation  of  published  methods  [19]  and  is  described  in 
detail  by  Hickey  et  al.  [23].  DNA  topoisomerase  II 
activity  was  measured  using  an  assay  kit  purchased 
from  TopoGen,  Inc. 

Immunodetection  of  DNA  polymerases  8,  £,  RP-A, 
RF-C,  PCNA,  and  DNA  primase.  Benaturing  polyacry¬ 
lamide  gel  electrophoresis  of  the  various  protein  frac¬ 
tions  was  performed  as  previously  described  [24].  The 
resolved  polypeptides  were  transferred  (20  volts,  16  h, 
4°C)  to  nitrocellulose  membranes,  and  immunodetec¬ 
tion  of  the  respective  BNA  replication  proteins  was  per¬ 
formed  using  a  light-enhanced  chemiluminescence  sys¬ 
tem  (Amersham,  Arlington  Heights,  IL).  A  monoclonal 
antibody  prepared  against  the  C-terminal  portion  of 
BNA  polymerase  5  was  used  at  a  1:100  dilution  to 
probe  membranes  for  the  125-kBa  polymerase  5 
polypeptide.  The  anti-polymerase  e  antibody,  which 
recognizes  the  140-  and  >200-kBa  forms  of  polymerase 
e,  was  used  at  a  1:1000  dilution.  Both  the  anti-RF-C 
monoclonal  antibody  (mAb-11),  which  recognizes  the 
1 40-kBa  subunit  of  the  RF-C  protein-complex,  and  the 
anti-RP-A  antibody  (p34-20),  which  recognizes  the  34- 
kBa  subunit  of  RP-A,  were  generous  gifts  from  Br. 
Bruce  Stillman  (Cold  Spring  Harbor  Laboratory,  Cold 
Spring  Harbor,  NY).  Both  antibodies  were  used  at  a 
1:500  dilution.  The  anti -BNA  primase  antibody,  a  gift 
from  Br.  William  Copeland  (National  Institute  of 
Environmental  Health  Sciences,  Research  Triangle 
Park,  NC),  was  used  at  a  1:500  dilution.  The  anti- 
PCNA  antibody  was  used  at  a  dilution  of  1:1000.  The 
appropriate  species-specific  horseradish  peroxidase 
conjugated  secondary  antibodies  were  used  in  the 
immunoassays  at  a  dilution  of  1:5000. 

Forward  Mutagenesis  Assay 

Transfection  and  plating.  Two  hundred  nanograms  of 
pBK-CMV  plasmid  BNA  (Stratagene,  La  Jolla,  CA), 
encoding  the  lac-Za  gene,  was  incubated  with  35-45  |i,g 
of  protein  fraction  per  in  vitro  BNA  replication  assay. 
The  replicated  pBK-CMV  BNA  was  then  Dpnl  digested, 
precipitated  as  described  [20],  and  used  in  the  transfec¬ 
tion  of  Escherichia  coli  strain  XLl-Blue  MRF' 
(Stratagene):  [(mcrA)  183,  5(mcr(B-hsdSMR-mrr)  173, 
endAI,  supE44,  thi_I,  recAI ,  gyrA96,  relAI,  lac[F' 
proAB,  lacI^Z(mI5,  TnlO(tef)].  Forty  microliters  of 
bacterial  stocks  maintained  in  Luria  broth,  containing 
10%  glycerol,  were  mixed  with  300  pg  of  the  pBK-CMV 
BNA  replicated  in  vitro,  and  this  mixture  was  incubated 
for  10  min  on  ice;  subsequently,  the  BNA  was  electropo¬ 
rated  into  the  cells  under  the  following  conditions:  1.4 
kV,  25  |jF,  200  ohms.  Immediately  following  electropo¬ 
ration,  960  p.1  chilled,  sterile  SOC  buffer  (20  mM  glucose 
in  Luria  broth  medium)  was  added  to  the  reaction 
cuvette.  The  electroporated  mixture  was  then  incubated 
in  a  rotary  shaker  (250  rpm)  at  35°C  for  1  h.  An  aliquot 
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of  the  incubated  culture,  sufficient  to  yield  100-600  bac¬ 
terial  colonies  per  plate,  was  spread  on  top  of  20  ml 
solidified  Luria  broth  agar  containing  0.5  mg/ml 
kanamycin,  25  mg/ml  IPTG,  and  25  mg/ml  X-gal. 
(These  plating  conditions  yield  an  intense  blue  colored 
bacterial  colony  when  the  bacteria  express  the  unmutated 
plasmid  and  a  light  blue  to  white  colored  bacterial  colony 
when  the  bacteria  contain  plasmids  harboring  mutations 
in  the  lac-Za  gene.)  As  a  negative  control  for  the  forward 
mutagenesis  assay,  2  x  10^  bacterial  cells  were  transfect¬ 
ed  with  200  ng  unreplicated,  Dpnl  digested  pBK-CMV 
DNA;  virtually  no  antibiotic  resistant  wild-type  colonies 
were  produced  under  these  conditions  (data  not  shown). 
Also,  the  background  mutation  frequency  for  this  assay 
was  determined  by  transfecting  10®  bacterial  cells  with 
200  ng  unreplicated  pBK-CMV  DNA.  Only  one  mutant 
colony  per  10^  wild-type  colonies  was  produced  under 
these  conditions  (data  not  shown). 

Scoring  of  mutant  phenotypes.  Mutant  phenotypes, 
resulting  from  the  inactivation  of  the  lac-Za  gene  in  the 
pBK-CMV  plasmid,  were  scored  after  approximately 
12-15  h  of  incubation  at  35°C  by  a  modification  of  a  pro¬ 
cedure  described  by  the  laboratory  of  Kunkel  [25].  To 
reproducibly  score  the  variable  color  intensities  of  the 
mutant  phenotypes,  a  scale  of  blue  color  intensities  has 
been  established  [25].  Unmutated  pBK-CMV  DNA  gen¬ 
erates  a  dark  blue  color  which,  on  a  scale  of  0-4,  is 
assigned  a  value  of  4.  The  variable  mutant  phenotypes  are 
distinguished  as  O'^  (white/colorless),  U  (faint  blue),  2* 
(medium  blue),  and  (almost  wild  type).  To  eliminate 
false  positives  resulting  from  plating  artifacts,  mutant 
colonies  were  picked  from  the  plates,  diluted  in  50  mM 
sodium  borate  buffer  (pH  9.0)  and  mixed  with  an  equal 
dilution  of  bacteria  containing  unreplicated  pBK-CMV 
plasmid.  Plating  of  this  mixture  on  the  agar  plates  con¬ 
taining  the  color  substrate  X-gal  (see  above)  enhances  the 
contrast  between  the  wild-type  and  mutant  phenotypes  as 
well  as  permits  the  scoring  of  subtle  phenotypic  differ¬ 
ences  arising  from  small  variations  in  the  position  and 
number  of  point  mutations  within  the  lac-Za  gene. 

RESULTS 

Human  breast  cancer  cell  DNA  replication  proteins 
cofractionate  as  a  readily  sedimentable  form.  To  deter¬ 
mine  whether  a  sedimentable  complex  of  DNA  replica¬ 


tion  proteins  could  be  isolated  from  human  breast  cancer 
cells,  as  previously  demonstrated  for  HeLa  [13,  14]  and 
FM3A  cells  [15],  we  subjected  MDA  MB-468  cells  to 
the  fractionation  scheme  outlined  in  Figure  1 .  The  PEG 
NE/S-3,  S-4  and  P-4  fractions  were  collected  and 
assayed  for  DNA  polymerase  a  activity.  The  majority  of 
the  enzyme’s  activity  partitioned  with  the  sedimentable 
P-4  fraction  following  polyethylene  glycol  precipitation 
and  discontinuous  gradient  centrifugation  of  the  NE/S-3 
fraction  (Table  1).  This  result  is  consistent  with  our  earli¬ 
er  work  on  the  purification  of  the  DNA  synthesome  from 
HeLa  and  FM3A  cells  [13-15],  in  which  the  DNA  poly¬ 
merase  a  activity  contained  in  the  DNA  synthesome  par¬ 
titioned  to  the  P-4  fraction  at  the  sucrose  interface. 

In  addition  to  determining  DNA  polymerase  a  activi¬ 
ty,  we  assayed  the  PEG  NE/S-3,  S-4  and  P-4  fractions  for 
in  vitro  SV40  DNA  replication  activity  (Materials  and 
Methods).  DE81  filter  binding  analysis  was  used  to  quan¬ 
titate  the  level  of  [a-^^P]dCMP  incorporation  into  SV40 
DNA  replication  products.  Following  subfractionation  of 
the  PEG  NE/S-3  fraction  into  the  S-4  and  P-4  fractions, 
the  ability  to  support  SV40  DNA  replication  in  vitro  par¬ 
titioned  exclusively  with  the  sedimentable  P-4  fraction 
(Table  1).  This  pattern  of  partitioning  of  DNA  replication 
activity  is  also  consistent  with  our  earlier  work  on  the 
purification  of  the  synthesome  from  HeLa  and  FM3A 
cells  [13-15].  Only  negligible  amounts  of  radiolabel 
were  incorporated  into  DNA  replication  products  when 
reactions  lacked  SV40  large  T-antigen.  These  data  indi¬ 
cate  that  all  of  the  activities  required  to  execute  large  T- 
antigen-dependent  SV40  DNA  replication  reside  in  the 
human  breast  cancer  cell  sedimentable  P-4  fraction. 

Further  purification  of  the  human  breast  cancer  cell 
DNA  synthesome.  We  further  purified  the  breast  cancer 
cell  DNA  synthesome  from  the  sedimentable  P-4  fraction 
by  Q-Sepharose  anion-exchange  chromatography,  a 
method  successfully  employed  for  the  purification  of  the 
DNA  synthesome  from  HeLa  cells  [13,  14].  The  P-4  frac¬ 
tion  was  applied  to  a  1-ml  Q-Sepharose  column  and  the 
DNA  synthesome  eluted  by  a  linear  gradient  of  KCl 
(50-500  mM).  Figure  2  shows  the  profile  of  DNA  poly¬ 
merase  a  activity  as  it  eluted  from  the  Q-Sepharose  col¬ 
umn.  The  DNA  polymerase  a  activity  eluted  from  the  col¬ 
umn  as  an  initial  sharp  peak  at  lower  salt  concentrations 
(fractions  6-10),  with  an  additional  small  peak  of  activity 


Table  1.  DNA  polymerase  a  and  in  vitro  DNA  replication  activities  of  the  DNA  synthesome  from  MDA  MB 
468  human  breast  cancer  cells. 


Fraction 

PEG  NE/S-3 

S-4 

P-4 

QS  Peak 

FT 

SG 

DNA  polymerase  a“ 

132.5 

0.3 

188.3 

C 

1.01 

C 

DNA  replication  (-i-T)* 

103.8 

8.8 

110.6 

136.6 

3.4 

141.2 

DNA  replication  (-T)* 

3.1 

0.0 

0.2 

8.5 

1.8 

10.2 

“DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to  published  proce¬ 
dures.  One  unit  of  DNA  polymerase  activity  is  equivalent  to  1  nmol  [^H]TMP  incorporated  into  DNA  per  hour  at 
35°C.  These  values  represent  the  average  of  two  independent  experiments. 

Nn  vitro  SV40  DNA  replication  assays  were  performed  as  described  previously.  One  unit  of  replication  activity 
equals  the  incorporation  of  1  pmol  [^^P]dCMP  into  SV40  origin-containing  DNA.  These  values  represent  the  aver¬ 
age  of  two  independent  experiments. 

“  Not  determined. 
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Figure  2.  Q-Sepharose  chromatographic  profile  of  DNA  polymerase  a  activity  in  the  MDA  MB-468  derived  P-4  fraction. 
A  description  of  the  column  preparation  and  elution  conditions  are  provided  in  the  Materials  and  Methods. 


at  higher  salt  concentrations  (fractions  21-23).  Negligible 
amounts  of  enzyme  activity  were  found  in  the  column 
flow-through  and  wash  fractions  (data  not  shown). 

The  peak  of  DNA  polymerase  a  activity  that  eluted 
from  the  Q-Sepharose  column  (fractions  6-10)  was 
designated  the  Q-Sepharose  peak.  Both  the  peak  and 
the  column  flow-through  fractions  were  assayed  for  in 
vitro  SV40  DNA  replication  activity.  The  Q-Sepharose 
peak  contained  over  80%  of  the  large  T-antigen-depen- 
dent  in  vitro  DNA  replication  activity;  the  column  flow¬ 
through  fraction  supported  significantly  less  DNA  syn¬ 
thesis  (Table  1). 

Velocity  sedimentation  analysis  of  the  breast  cancer 
cell  DNA  synthesome.  We  determined  the  sedimentation 
coefficient  of  the  breast  cancer  cell  DNA  synthesome 
by  subjecting  the  Q-Sepharose  peak  fraction  to  velocity 
sedimentation  analysis  in  a  10-30%  sucrose  gradient 
containing  0.5  M  KCl  [15].  The  sucrose  gradient  frac¬ 
tions  were  collected  and  assayed  for  DNA  polymerase 
a  and  in  vitro  SV40  DNA  replication  activities.  Both 
activities  cosedimented  in  the  sucrose  gradient  with  a 
sedimentation  coefficient  of  18S  (Figure  3;  Table  1). 
This  18S  sedimentation  coefficient  for  the  breast  cell 
DNA  synthesome  corresponds  to  the  S-value  obtained 
for  the  HeLa  cell  DNA  synthesome.  Presumably,  the 
1 8S  value  of  the  human  breast  cancer  cell  DNA  synthe¬ 
some  accounts  for  its  ready  sedimentation  to  the 
sucrose  interface  following  the  centrifugation  of  the 
PEG  NE/S-3  fraction  (Figure  1). 

The  DNA  replication  proteins  that  copurify  with  the 
breast  cancer  cell  DNA  synthesome.  We  performed  west¬ 
ern  blot  analyses  and  enzyme  assays  to  identify  the  DNA 
replication  proteins  that  copurify  with  the  breast  cancer 
cell  DNA  synthesome  during  its  various  stages  of  purifi¬ 


cation.  As  numerous  studies  have  shown  that  DNA  poly¬ 
merase  8  plays  an  integral  role  in  the  in  vitro  synthesis  of 
SV40  origin-containing  DNA  [8,  26,  27],  we  probed  the 
PEG  NE/S-3,  P-4,  S-4,  Q-Sepharose  peak,  Q-Sepharose 
flow-through  and  sucrose  gradient  peak  fractions  for  the 
presence  of  the  protein.  Utilizing  a  monoclonal  antibody 
prepared  against  the  C-terminal  peptide  of  DNA  poly¬ 
merase  5  [28],  we  found  that  the  protein  exclusively  cop- 
urified  with  the  replication-competent  P-4,  Q-Sepharose 
peak  and  sucrose  gradient  peak  fractions  (Figure  4).  The 
enzyme  was  not  detectable  in  the  replication-deficient  S- 
4  and  Q-Sepharose  flow-through  fractions. 

In  addition  to  DNA  polymerase  5,  we  examined  the 
human  breast  cancer  cell  fractions  for  the  presence  of 
RF-C  [27,  29]  and  DNA  primase  [27].  Immunoblot 
analyses,  using  antibodies  that  recognize  either  the  140- 
kDa  subunit  of  the  RF-C  protein  complex  or  the  58-kDa 
subunit  of  DNA  primase,  revealed  that  RF-C  and  DNA 
primase  resided  only  in  the  replication-competent  pro¬ 
tein  fractions  (Figure  4). 

Western  blot  analysis  also  shows  that  the  DNA  repli¬ 
cation  protein  PCNA  was  present  in  the  replication- 
competent  breast  cancer  cell  fractions,  as  well  as  the  S- 
4  and  Q-Sepharose  flow-through  fractions  (Figure  4). 
This  result  suggests  that  PCNA  may  not  be  as  tightly 
associated  with  the  DNA  synthesome  as  compared  with 
DNA  polymerases  a,  5,  RF-C,  and  DNA  primase. 
Furthermore,  immunodetection  of  RP-A  [30,  31]  with  a 
monoclonal  antibody  to  the  70-kDa  subunit  of  the  pro¬ 
tein  reveals  that  the  polypeptide  fractionated  with  both 
the  replication-competent  and  -deficient  fractions 
(Figure  4).  These  results  suggest  that  only  a  fraction  of 
the  cellular  pools  of  PCNA  and  RP-A  copurify  with  the 
breast  cancer  cell  DNA  synthesome. 
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Figure  3.  Velocity  sedimentation  analysis  of  the  DNA  synthesome  present  in  the  MDA  MB-468  Q-Sepharose  peak  fraction. 
Eight  hundred  microliters  of  a  milliliter  of  the  Q-Sepharose  peak  fraction  was  layered  onto  a  9-ml  10-30%  sucrose  gradient  con¬ 
taining  0.5  M  KCl.  Centrifugation  was  performed  as  described  in  the  Materials  and  Methods.  The  assay  for  DNA  polymerase  a 
activity  was  performed  according  to  published  procedures  [21,  22];  one  unit  of  activity  denotes  1  nmol  TMP  incorporated  into 
DNA  per  hour  at  35°C. 


a.  NE/S-3  S-4  P-4  FT  QS  SG  b.  NE/S-3  S-4  P-4  FT  QS  SG 

125K  mm  mm  ““ 


C.  NE/S-3  S-4  P-4  FT  QS  SG 
140K  ' ~ 


d.  NE/S-3  S-4  P-4  FT  QS  SG 


e.  NE/S-3  P-4  S-4  QS  FT  SG 


36K 


58K 


Figure  4.  Western  blot  analysis  of  the  MDA  MB-468  breast  cancer  eell  derived  fractions.  Thirty  micrograms  of  each  protein 
fraction  (PEG  NE/S-3,  S-4,  P-4,  Q-Sepharose  peak  [QS],  Q-Sepharose  flow-through  [FT]  and  sucrose  gradient  peak  [SG])  were 
resolved  on  8%  polyacrylamide  gels,  then  transferred  to  nitrocellulose  membrane  filters.  The  membranes  were  incubated  with 
primary  antibodies  against  (A)  DNA  polymerase  5,  (B)  RP-A,  (C)  RF-C,  (D)  PCNA,  and  (E)  DNA  primase.  Following  incubation 
with  the  appropriate  species-specific  secondary  antibody  conjugated  to  horseradish  peroxidase,  the  immobilized  proteins  were 
detected  using  a  light-enhanced  chemiluminescence  system  (Amersham). 


442 


The  breast  cell  DNA  synthesome 


Coll  et  al. , 


Furthermore,  we  determined  whether  the  breast  can¬ 
cer  cell  DNA  synthesome  possesses  DNA  topoiso- 
merase  I  activity  by  assaying  several  breast  cancer  frac¬ 
tions  for  their  respective  enzymatic  activity  (Materials 
and  Methods).  In  Figure  5,  lanes  1-3  show  the  conver¬ 
sion  of  supercoiled  form  I  DNA  to  relaxed,  open  circu¬ 
lar  form  II  DNA  by  the  topoisomerase  I  activity  present 
in  the  Q-Sepharose  peak,  Q-Sepharose  flow-through 
and  sucrose  gradient  peak  fractions.  Importantly,  the 
relaxation  of  supercoiled  plasmid  DNA  by  the  Q- 
Sepharose  peak  fraction  was  inhibited  by  200  p.M 
camptothecin  (lane  4),  a  specific  inhibitor  of  DNA 
topoisomerase  I  [32].  This  indicates  that  the  conversion 
of  supercoiled  plasmid  DNA  to  form  II  DNA  was  medi¬ 
ated  specifically  by  topoisomerase  I. 

As  with  PCNA,  RP-A,  and  DNA  topoisomerase  I, 
only  a  fraction  of  the  total  cellular  pool  of  DNA  topoi¬ 
somerase  II  copurifies  with  the  breast  cancer  cell  DNA 
synthesome.  We  assayed  the  Q-Sepharose  peak,  Q- 
Sepharose  flow-through  and  sucrose  gradient  peak  frac¬ 
tions  for  DNA  topoisomerase  II  activity.  The  decatena¬ 
tion  of  interlocked  aggregates  of  Crithidia  fasciculata 
kinetoplast  DNA  to  monomeric,  open  circular  DNA  by 
the  topoisomerase  II  enzyme  present  in  all  three  frac¬ 
tions  is  shown  in  Figure  6  (lanes  2-4).  In  addition,  we 
determined  that  the  Q-Sepharose  peak,  flow-through, 
and  sucrose  gradient  peak  fractions  were  devoid  of 
nuclease  contamination  because  they  did  not  support 
the  relaxation  of  kinetoplast  DNA  to  the  linear  DNA 
fragments  (Figure  6).  Moreover,  as  DNA  topoisomerase 
II  requires  ATP  for  catalytic  activity,  incubation  of  the 
Q-Sepharose  peak  with  a  reaction  buffer  lacking  ATP 
did  not  support  the  relaxation  of  kinetoplast  DNA 
(Figure  6,  lane  1). 


SG  FT  QS  QS  +  CPT  SC  DNA 


Figure  5.  DNA  topoisomerase  I  activity  in  the  Q- 
Sepharose  peak,  Q-Sepharose  flow-through,  and  sucrose 
gradient  peak  fractions.  Reaction  assays  containing  8  pg  of 
the  Q-Sepharose  peak  (QS),  8  pg  of  the  Q-Sepharose  flow¬ 
through  (FT),  or  20  pg  of  the  sucrose  gradient  peak  (SG)  were 
incubated  for  30  min  at  37°C  with  0.3  pg  pSVO+  plasmid 
DNA.  Reactions  were  stopped  by  the  addition  of  1%  SDS, 
and  topoisomers  were  resolved  on  a  1%  agarose  gel.  After 
ethidium  bromide  (0.5  pg/ml)  staining  of  gels,  topoisomers 
were  visualized  with  an  ultraviolet  light  source.  Lanes  1-3 
show  the  conversion  of  supercoiled,  form  I  DNA  to  relaxed, 
open  circle  form  II  DNA  by  the  topoisomerase  I  activity  pre¬ 
sent  in  the  SG,  FT,  and  QS  fractions,  respectively.  Lane  4 
shows  the  inhibition  of  QS  topoisomerase  I  activity  by  200 
pM  camptothecin  [32].  Lane  5  shows  the  position  of  super¬ 
coiled  plasmid  pSVO+. 


1  2  3  4  5 


Figure  6.  DNA  topoisomerase  II  activity  in  the  Q- 
Sepharose  peak,  Q-Sepharose  flow-through  and  sucrose 
gradient  peak  fractions.  Decatenation  reactions  were  per¬ 
formed  in  topoisomerase  II  buffer  (TopoGen)  with  0.15  pg 
kinetoplast  DNA  (KDNA)  and  10  pg  of  the  respective  protein 
fraction.  Lane  1  shows  the  position  of  KDNA  networks  after 
incubation  with  Q-Sepharose  peak  (QS)  in  a  buffer  lacking 
ATP.  Lanes  2-4  show  the  relaxation  of  KDNA  to  nicked,  open 
circular  DNA  by  the  topoisomerase  II  activity  present  in  the 
QS,  flow-through  (FT),  and  sucrose  gradient  peak  (SG)  frac¬ 
tions.  Lane  5  shows  the  positions  of  the  decatenated  KDNA 
markers:  nicked,  open  circular  (top),  linear  (bottom).  All  reac¬ 
tions  were  stopped  by  the  addition  of  a  stop  buffer  containing 
1%  SDS.  Reactions  were  loaded  directly  onto  a  1%  agarose 
gel  containing  0.5  pg/ml  ethidium  bromide.  After  elec¬ 
trophoresis,  DNA  products  were  visualized  with  an  ultraviolet 
light  source. 


Isolation  of  the  DNA  synthesome  from  breast  tumor 
tissue.  To  verify  that  the  DNA  synthesome  could  be  iso¬ 
lated  from  breast  cancer  tissue  as  well  as  from  breast 
cancer  cells,  we  subjected  biopsied  human  breast  tumor 
tissue  to  a  modified  version  of  the  purification  scheme 
depicted  in  Figure  1  (Materials  and  Methods).  The 
alterations  to  the  purification  protocol  were  made  to 
facilitate  the  isolation  of  the  DNA  synthesome  from 
small  quantities  of  breast  tumor  tissue.  We  collected 
and  assayed  the  NE/S-3,  S-4  and  P-4  fractions  for  DNA 
polymerase  a  and  large  T-antigen-dependent  SV40 
DNA  replication  activities.  Table  2  shows  that  the 
majority  of  both  activities  partitioned  exclusively  with 
the  sedimentable  P-4  fraction  after  discontinuous  gradi¬ 
ent  centrifugation  of  the  NE/S-3  fraction. 

We  further  purified  the  DNA  synthesome  that  was 
isolated  from  the  human  breast  tumor  tissue,  using 
anion  exchange  chromatography  (Materials  and 
Methods).  We  collected  and  assayed  the  column  frac¬ 
tions  for  both  DNA  polymerase  a  and  in  vitro  SV40 
DNA  replication  activities.  A  peak  of  DNA  polymerase 
a  activity  (fractions  2,  3)  was  found  to  elute  from  the 
column  in  the  presence  of  1  M  KCl  (Table  2).  In  con¬ 
trast,  only  a  minor  amount  of  DNA  polymerase  a  activ¬ 
ity  was  found  in  the  column  flow-through  fraction 
(Table  2).  We  also  tested  the  fractions  containing  the 
peak  polymerase  a  activity  (fractions  2,  3)  as  well  as 
the  column  flow-through  for  in  vitro  SV40  DNA  repli¬ 
cation  activity.  Only  fractions  2  and  3  supported  SV40 
DNA  replication;  the  column  flow-through  did  not  con¬ 
tain  DNA  replication  activity  (data  not  shown). 
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Table  2.  DNA  polymerase  a  and  in  vitro  DNA  replication  activities  of  the  DNA  synthesome  from 
human  breast  tumor  tissue. 


Fraction 

NE/S-3 

S-4 

P-4 

Column  Peak 

Flow-through 

DNA  polymerase  a;“ 

27.8 

1.7 

37.5 

77.3 

1.3 

DNA  replication  (-i-T)* 

29.5 

1.8 

122.9 

N.D.“ 

N.D.“ 

DNA  replication  (-T)* 

5.74 

0.5 

12.1 

N.D.“ 

N.D.“ 

“DNA  polymerase  a  activity  with  activated  calf  thymus  DNA  templates  was  assayed  according  to  pub¬ 
lished  procedures.  One  unit  of  DNA  polymerase  activity  is  equivalent  to  10”'°  mol  pH]TMP  incorporated 
into  DNA  per  hour  at  35°C.  These  values  represent  the  average  of  two  independent  experiments. 

‘’In  vitro  SV40  DNA  replication  assays  were  performed  as  described  previously.  One  unit  of  replication 
activity  equals  the  incorporation  of  1  pmol  [-’^PJdCMP  into  SV40  origin-containing  DNA.  These  values 
represent  the  average  of  two  independent  experiments. 

“Not  determined. 


We  also  fractionated  breast  cancer  tissue  derived 
from  a  xenograft  nude  mouse  model  [17].  Homogenous 
breast  tumors  were  surgically  excised  from  nude  mice 
subcutaneously  injected  with  MCF-7  breast  cancer 
cells.  By  using  the  modified  purification  protocol,  it  was 
found  that  most  of  the  DNA  polymerase  a  and  DNA 
replication  activities  resided  with  the  sedimentable  P-4 
fraction  following  discontinuous  gradient  centrifugation 
of  the  NE/S-3  fraction  (Table  3).  These  results  suggest 
that  the  DNA  synthesome  exists  as  a  functional  complex 
within  human  breast  cancer  cells  in  vivo. 

DNA  polymerase  e  copurifies  with  the  breast  can¬ 
cer  cell  DNA  synthesome.  Several  lines  of  evidence 
support  a  role  for  DNA  polymerase  e  in  cellular  DNA 
replication.  First,  DNA  polymerase  e  is  more  abundant 
in  proliferating  tissues  than  in  nonproliferating  tissues 
[33].  Second,  when  quiescent  human  fibroblast  cells 
are  stimulated  to  proliferate,  the  mRNA  levels  of  DNA 
polymerase  e,  like  those  of  polymerase  a,  dramatical¬ 
ly  increase  just  prior  to  S-phase  [33].  Third,  when  the 
gene  encoding  the  yeast  homologue  of  DNA  poly¬ 
merase  e  is  mutated,  the  yeast  cells  fail  to  proliferate, 
suggesting  a  critical  role  for  this  polymerase  in  cell 
proliferation  [34].  To  determine  whether  DNA  poly¬ 
merase  e  copurifies  with  the  breast  cancer  cell  DNA 


Table  3.  DNA  polymerase  a  and  in  vitro  DNA  replication 
activities  of  the  DNA  synthesome  from  nude  mouse 
xenograft  breast  tumor  tissue. 


Fraction 

NE/S-3 

S-4 

P-4 

DNA  polymerase  a“ 

40.6 

2.0 

123.2 

DNA  Replication  -i-T* 

57.2 

11.2 

158.7 

DNA  Replication  -T* 

5.5 

4.1 

9.6 

“DNA  polymerase  a  activity  with  activated  calf  thymus  DNA 
templates  was  assayed  according  to  published  procedures.  One 
unit  of  DNA  polymerase  activity  is  equivalent  to  1  x  10”*°  mol 
of  ^[H]-TMP  incorporated  into  DNA  per  hour  at  35°C.  These 
values  represent  the  average  of  two  independent  experiments. 
Nn  vitro  SV40  DNA  replication  assays  were  performed  as 
described  previously.  One  unit  of  replication  activity  equals 
the  incorporation  of  1  pmol  of  ^^[Pj-dCMP  into  SV40  origin 
containing  DNA.  These  values  represent  the  average  of  two 
independent  experiments. 


synthesome,  we  probed  the  MDA  MB-468  derived 
protein  fractions  with  an  antibody  that  recognizes  the 
>200-kDa  polypeptide.  Immunoblot  analysis  reveals 
that  DNA  polymerase  e  was  present  in  the  replication- 
competent  P-4,  Q-Sepharose  peak  and  sucrose  gradi¬ 
ent  peak  fractions  (Figure  7).  Only  a  minor  amount  of 
DNA  polymerase  e  was  present  in  the  replication-defi¬ 
cient  S-4  fraction  (Figure  7),  while  none  was  detected 
in  the  Q-Sepharose  flow-through  (data  not  shown). 

DNA  replication  fidelity  of  the  breast  cancer  cell 
DNA  synthesome.  The  fidelity  of  DNA  synthesis  is 
mediated  in  part  by  the  proofreading  capacity  of  the 
intrinsic  3'-5'  exonuclease  activity  of  DNA  polymerase 
5  [25].  We  employed  a  forward  mutagenesis  assay  to 
measure  the  fidelity  of  the  in  vitro  DNA  synthesis  pro¬ 
cess  carried  out  by  the  breast  cancer  cell  DNA  synthe¬ 
some  (Materials  and  Methods)  [35].  In  this  assay  we 
utilized  the  DNA  synthesome  isolated  from  MDA  MB- 
468  breast  cancer  cells  and  human  breast  tumor  tissue 
to  replicate  plasmid  DNA  containing  the  SV40  origin 
of  replication  and  the  lac-Za  gene.  The  results  of  the 
fidelity  assay  were  quantitated  using  the  blue/white 
selection  protocol  described  in  the  Materials  and 
Methods  [25].  These  results  were  compared  to  the 
replication  fidelity  of  the  DNA  synthesome  isolated 
from  nonmalignant  Hs587Bst  breast  cells.  We  deter¬ 
mined  that  the  DNA  synthesome  purified  from  MDA 
MB-468  cells  possessed  a  replication  fidelity  approxi- 


NES-3  P4  S4  QS  SG 
>200kDa  * 


Figure  7.  Immunoblot  analysis  for  the  presence  of  DNA 
polymerase  e  in  the  MDA  MB-468  breast  cancer  cell 
derived  fractions.  Fifty  micrograms  of  each  protein  fraction 
(PEG  NE/S-3,  S-4,  P-4,  Q-Sepharose  peak  [QS]  and  sucrose 
gradient  peak  [SG])  was  resolved  on  a  8%  polyacrylamide  gel 
then  transferred  to  a  nitrocellulose  membrane.  The  mem¬ 
branes  were  incubated  with  a  primary  antibody  against  human 
DNA  polymerase  e.  Following  incubation  with  an  anti-mouse 
secondary  antibody  conjugated  to  horseradish  peroxidase,  the 
immobilized  protein  was  detected  using  a  light-enhanced 
chemiluminescent  system  (Amersham). 
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mately  6-fold  lower  than  that  of  the  synthesome  from 
Hs587Bst  cells  (Table  4).  Similarly,  the  DNA  synthe¬ 
some  purified  from  human  breast  tumor  tissue  pos¬ 
sessed  an  approximately  5-fold  lower  DNA  replication 
fidelity  than  the  Hs587Bst  synthesome  (Table  4). 
These  differences  in  replication  fidelity  between  the 
malignant  and  nonmalignant  breast  cell  DNA  synthe¬ 
some  suggest  that  transformation  to  the  malignant  phe¬ 
notype  alters  the  process  by  which  the  synthesome 
from  normal  cells  replicates  DNA. 

DISCUSSION 

In  this  report,  we  have  described  for  the  first  time  the 
purification  of  a  multiprotein  DNA  replication  complex 
isolated  from  human  breast  cancer  cells  and  breast  tumor 
tissues.  The  integrity  of  the  breast  cancer  cell  DNA  syn¬ 
thesome  was  maintained  after  its  treatment  with  high 
salt,  polyethylene  glycol  precipitation,  anion-exchange 
chromatography,  and  sucrose  gradient  sedimentation. 
These  results  suggest  that  the  copurification  of  the  syn¬ 
thesome ’s  proteins  with  one  another  is  independent  of 
nonspecific  interactions  with  other  cellular  macro¬ 
molecules.  In  addition,  upon  velocity  sedimentation  anal¬ 
ysis  of  the  breast  cancer  cell  DNA  synthesome,  both  the 
DNA  polymerase  a  and  DNA  replication  activities  comi¬ 
grated  in  the  sucrose  gradient  with  a  coefficient  of  18S. 
This  1 8S  sedimentation  coefficient  is  comparable  to  that 
obtained  for  the  HeLa  cell  DNA  synthesome  [13,  14]. 

Our  data  show  that  the  DNA  polymerase  a  and  DNA 
replication  activities  of  the  synthesome  isolated  from 


Table  4.  DNA  replication  fidelity  of  the  breast  cell  DNA 
synthesome. 


Origin  of  DNA  Synthesome 

%  Mutants 

(average  per  10'' colonies) 

MDA  MB  468  breast  cancer 

cell  line 

1.20%  ±  0.2% 

Human  breast  tumor  tissue 

0.93%  ±  0.3% 

Hs578Bst  non-malignant 

breast  cell  line 

0.19%  ±0.08% 

An  in  vitro  DNA  replication  fidelity  assay  [25]  was  performed 
to  measure  the  fidelity  with  which  the  DNA  synthesome  from 
MDA  MB  468  breast  cancer  cells,  human  breast  tumor  tissue 
and  Hs578Bst  cells  replicates  plasmid  DNA.  The  replicated 
plasmid,  containing  the  bacterial  lac-Z  gene,  was  Dpnl  digest¬ 
ed  and  electroporated  into  E.  coli.  The  bacteria  were  then  plat¬ 
ed  onto  LB  agar  containing  the  chromogenic  substrates  X-gal 
and  IPTG.  Transformed  bacteria  expressing  a  non-mutated 
lac-Z  gene  (encodes  the  B-galactosidase  enzyme)  formed  blue 
colonies  on  the  plate,  while  bacteria  containing  DNA  with 
mutations  in  the  lac-Z  gene  formed  white  colonies.  Mutations 
occurring  within  the  plasmid  at  location  other  than  the  lac-Z 
gene  are  not  detected  by  this  assay.  Consequently,  the  reported 
percentages  of  white  colonies  provide  a  minimum  estimate  of 
the  actual  number  of  mutations  arising  during  DNA  synthe¬ 
some  mediated  DNA  replication.  The  percentage  of  mutant 
colonies  expressed  for  the  DNA  synthesome  is  the  average 
number  taken  from  3  separate  assays  of  10“*  transformed 
colonies  each.  The  background  mutation  frequency  for  the 
forward  mutagenesis  assay  was  determined  to  be  .0003% 
(Materials  and  Methods). 


breast  cancer  cells  and  breast  tumor  tissues  were 
enriched  by  the  successive  steps  of  the  purification  pro¬ 
cess.  Furthermore,  the  P-4  as  well  as  the  column  peak 
fractions  from  the  breast  cancer  cells  and  tissues  pos¬ 
sessed  comparable  levels  of  in  vitro  SV40  DNA  replica¬ 
tion  activity.  Overall,  the  isolation  of  the  DNA  synthe¬ 
some  as  a  fully  functional  complex  from  human  and 
nude  mouse  xenograft  breast  tumor  tissues  strongly 
suggests  that  the  synthesome  mediates  DNA  replication 
in  vivo. 

We  have  identified  several  of  the  key  DNA  replica¬ 
tion  proteins  comprising  the  breast  cancer  cell  DNA 
synthesome  utilizing  immunoblot  analyses  and  enzy¬ 
matic  assays;  these  proteins  include  DNA  polymerase 
5,  PCNA,  DNA  polymerase  a,  DNA  primase,  RF-C, 
RP-A,  DNA  topoisomerases  I,  II,  and  DNA  poly¬ 
merase  s.  All  of  these  polypeptides,  excluding  DNA 
polymerase  e,  have  been  shown  to  be  required  for  the 
faithful  replication  of  SV40  DNA  in  vitro  [8-10]. 
Moreover,  the  functions  that  each  of  these  proteins  per¬ 
forms  during  DNA  replication  have  been  determined 
by  utilizing  the  SV40  system.  Recent  studies  demon¬ 
strate  that  DNA  polymerase  a-primase  synthesizes 
RNA-DNA  primers  required  for  the  initiation  of  lead¬ 
ing  strand  and  Okazaki  fragment  synthesis  [36,  37].  On 
the  other  hand,  DNA  polymerase  6  conducts  the  repli¬ 
cation  of  the  leading  strand  and  completes  synthesis  of 
the  lagging  strand  during  DNA  chain  elongation  [36, 
38].  According  to  a  current  model  for  eukaryotic  DNA 
replication,  the  activities  of  both  DNA  polymerases  a 
and  5  are  coordinated  in  part  by  RF-C,  which  serves  as 
a  connector  or  hinge  between  the  proteins  [27]. 
Additionally,  PCNA,  an  accessory  factor  for  poly¬ 
merase  5,  may  participate  in  the  coordination  of  lead¬ 
ing  and  lagging  strand  synthesis  by  functioning  as  part 
of  a  molecular  switch  from  the  initiation  to  the  elonga¬ 
tion  phase  of  DNA  replication  [38,  39].  The  copurifica¬ 
tion  of  DNA  polymerases  a,  6,  DNA  primase,  PCNA, 
and  RF-C  with  the  breast  cancer  cell  DNA  synthesome 
indicates  that  the  synthesome  may  act  as  a  coordinated 
dipolymerase  replication  complex. 

RP-A  functions  during  SV40  DNA  synthesis  to  sta¬ 
bilize  newly  formed  single-stranded  regions  created  in 
replicating  DNA  by  the  helicase  activity  of  the  large 
T-antigen  [40].  Topoisomerase  I,  also  a  component  of 
the  breast  cancer  cell  DNA  synthesome,  relaxes  posi¬ 
tive  DNA  supercoils  as  they  accumulate  ahead  of  the 
replication  fork  [41].  Such  an  action  is  necessary  for 
translocation  of  the  replication  machinery  along  tem¬ 
plate  DNA  during  DNA  synthesis.  In  addition  to 
topoisomerase  I,  topoisomerase  II  can  carry  out  the 
unwinding  activity  required  for  the  progression  of  the 
replication  fork  during  SV40  DNA  synthesis  [41]. 
Furthermore,  studies  in  which  intact  cells  were  incu¬ 
bated  with  topoisomerase  II  inhibitors  demonstrate 
that  topoisomerase  II  is  necessary  for  the  decatenation 
of  newly  replicated  daughter  DNA  molecules  [42]  fol¬ 
lowing  DNA  synthesis.  Presumably  the  enzyme  func¬ 
tions  in  these  roles  as  a  component  of  the  DNA  syn¬ 
thesome.  Although  not  yet  identified  as  components  of 


Coll  et  al. 


The  breast  cell  DMA  synthesome 


445 


the  breast  cancer  cell  DNA  synthesome,  DNA  helicase 
and  DNA  ligase  I  were  found  to  copurify  with  the  syn¬ 
thesome  isolated  from  HeLa  and  FM3A  cells  [14,  15]. 
Both  of  these  enzymes  have  been  shown  to  be  required 
for  eukaryotic  DNA  replication  [43,  44],  We  are 
presently  characterizing  the  breast  tumor  tissue- 
derived  synthesome  with  respect  to  its  protein  compo¬ 
nents.  Presumably,  all  of  the  proteins  comprising  the 
breast  cancer  cell  DNA  synthesome  copurify  with  the 
tumor  tissue-derived  synthesome,  as  it  is  fully  capable 
of  supporting  SV40  DNA  replication  in  vitro. 

In  order  to  preserve  the  integrity  of  the  information 
contained  in  DNA,  normal  mammalian  cells  must 
replicate  their  DNA  with  an  error  frequency  as  low  as 
10“'°  [33].  Such  a  high  fidelity  for  DNA  replication 
must  be  maintained  by  the  DNA  synthesis  and  DNA 
repair  systems  functioning  within  the  cell.  We  utilized 
a  forward  mutagenesis  assay  [25]  to  examine  the  fideli¬ 
ty  with  which  the  breast  cancer  cell  and  human  breast 
tumor  tissue  derived  DNA  synthesome  replicates  plas¬ 
mid  DNA  containing  the  lac-Za  gene.  This  assay 
detects  point  mutations  occurring  within  the  lac-Za 
gene  as  well  as  frameshift  mutations  occurring  in  other 
positions  on  the  plasmid.  We  found  a  5-6-fold 
decrease  in  the  replication  fidelities  of  the  DNA  syn¬ 
thesome  isolated  from  malignant  breast  cells  and  tissue 
compared  with  that  of  the  DNA  synthesome  isolated 
from  a  nonmalignant  breast  cell  line  (Table  4).  Our 
results  are  consistent  with  the  observation  that  mam¬ 
mary  cancer  cells  accumulate  extensive  genetic  dam¬ 
age  [45  ,  46].  The  significant  difference  in  the  replica¬ 
tion  fidelities  between  the  DNA  synthesome  from 
malignant  and  nonmaligant  breast  cells  suggests  that 
transformation  alters  the  process  by  which  the  latter 
replicates  and/or  participates  in  the  repair  of  DNA. 
Indeed,  it  has  been  demonstrated  that  specific  DNA 
replication  proteins  are  targets  for  molecular  modifica¬ 
tion  during  cellular  transformation  [4].  For  example, 
DNA  polymerases  a  and  e  purified  from  Novikoff  hep¬ 
atoma  cells  have  altered  physicochemical  and  catalytic 


properties  compared  to  the  respective  polymerases  iso¬ 
lated  from  normal  liver  cells  [4].  During  DNA  synthe¬ 
sis,  these  altered  molecular  and  catalytic  properties 
may  contribute  to  a  decreased  specificity  for  nucleotide 
selection  by  the  polymerases,  which  in  turn  leads  to  an 
increased  mutation  rate.  Importantly,  we  have  deter¬ 
mined  by  two-dimensional  polyacrylamide  gel  elec¬ 
trophoresis  that  significant  physical  differences  exist 
between  the  protein  components  of  the  DNA  synthe¬ 
some  purified  from  malignant  and  nonmalignant  breast 
cells  (Bechtel  et  al.,  unpublished  data).  We  are  current¬ 
ly  conducting  experiments  to  determine  the  precise 
molecular  changes  that  occur  to  the  components  of  the 
breast  cell  DNA  synthesome  during  transformation. 
We  fully  expect  these  studies  to  advance  our  under¬ 
standing  of  how  DNA  replication  fidelity  is  reduced  in 
breast  cancer  cells. 

We  previously  described  a  model  for  the  organiza¬ 
tion  of  the  proteins  comprising  the  DNA  synthesome 
isolated  from  mouse  mammary  carcinoma  cells  and 
HeLa  cells  [14,  15].  We  can  now  extend  this  model  to 
include  the  breast  cancer  cell  DNA  synthesome,  based 
on  the  fractionation  and  column  chromatographic  pro¬ 
files  of  its  protein  components  (Figure  8).  As  DNA 
polymerases  a,  5,  e,  DNA  primase,  and  RF-C  were 
observed  to  copurify  primarily  with  the  replication- 
competent  DNA  synthesome,  we  propose  that  these 
proteins  form  the  core  of  the  DNA  synthesome.  The 
“tight”  association  of  DNA  polymerase  e  with  the  DNA 
synthesome  suggests  that  the  protein  may  play  a  role  in 
mammalian  cell  DNA  replication.  It  has  been  postulat¬ 
ed  that  DNA  polymerase  e  links  the  replication  machin¬ 
ery  with  the  S-phase  checkpoint  by  acting  as  a  sensor 
that  coordinates  transcriptional  responses  to  DNA  dam¬ 
age  in  yeast  [47].  Such  a  role  for  the  protein  may  exist 
in  mammalian  cells  as  well.  In  addition,  we  have 
included  DNA  ligase  I  as  a  member  of  the  tightly  asso¬ 
ciated  components  of  the  complex,  as  it  was  observed 
to  copurify  exclusively  with  the  DNA  synthesome  from 
FM3A  and  HeLa  cells  [14,  15]. 


Figure  8.  Model  for  the  human  hreast  cell  DNA  synthesome.  A  full  description  of  the  model  is  presented  in  the  text. 
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Unlike  the  other  components,  PCNA,  RP-A  and 
topoisomerases  I  and  II  were  observed  to  cofractionate 
and  co-elute,  following  column  chromatography,  with 
those  fractions  containing  the  breast  cancer  cell  DNA 
synthesome  as  well  as  with  fractions  lacking  DNA 
replication  activity.  These  results  suggest  that  only  a 
fraction  of  the  cellular  pools  of  PCNA,  RP-A,  and 
topoisomerases  I  and  II,  copurify  with  the  DNA  syn¬ 
thesome.  This  is  consistent  with  the  recognition  that 
these  proteins  have  additional  roles  in  mediating  cellu¬ 
lar  functions  such  as  transcription,  recombination,  and 
repair.  During  the  initial  stages  of  SV40  DNA  replica¬ 
tion,  both  topoisomerase  I  and  RP-A  facilitate  the 
melting  of  SV40  DNA  [48].  Therefore,  we  propose 
that  both  of  these  proteins  constitute  the  “initiation” 
components  of  the  breast  cancer  cell  DNA  synthe¬ 
some.  We  are  currently  performing  coimmunoprecipi- 
tation  studies  to  determine  the  exact  physical  interac¬ 
tions  of  the  synthesome’s  proteins  with  each  other. 
Their  physical  association  depicted  in  Figure  8  is  con¬ 
sistent  with  data  from  our  laboratory  as  well  as  with 
several  reports  on  SV40  and  eukaryotic  DNA  replica¬ 
tion  [7,  8,  27,  38]. 

In  this  study,  we  have  isolated  and  described  a  mul¬ 
tiprotein  complex  for  DNA  replication  from  breast  can¬ 
cer  cells  and  breast  tumor  tissues.  The  isolation  of  a 
fully  functional  DNA  synthesome  from  tumor  tissues 
strongly  suggests  that  the  synthesome  mediates  breast 
cancer  cell  DNA  replication  in  vivo.  Furthermore,  we 
have  established  that  the  human  breast  cancer  cell  and 
tumor  tissue-derived  DNA  synthesome  possess  a  lower 
fidelity  for  DNA  replication  than  the  synthesome  puri¬ 
fied  from  nonmalignant  breast  cells.  Breast  cancer  cells 
often  possess  high  rates  of  DNA  synthesis  and  an 
extensive  level  of  genetic  damage  [2,  45,  46]. 
Understanding  the  process  of  DNA  replication  as  it 
occurs  in  breast  cancer  cells,  will  greatly  facilitate  the 
development  of  improved  anti-breast  cancer  therapies. 
We  fully  expect  that  the  complete  characterization  of 
the  breast  cancer  cell  DNA  synthesome  will  further  our 
understanding  of  aberrant  breast  cell  DNA  replication 
as  well  as  contribute  to  the  development  of  these 
improved  therapies. 
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Mercuric  Ion  Inblbtu  ibe  Activity  and  ridellty  of  the  Human 
Cell  ONA  Synthesome.  SekowskI,  J.  W.,  Malku,  L  H.,  We).  Y., 
and  Hickey,  R.  J.  (1997).  Toxicol.  AppI,  filu/rnueel.  W5. 26S«276. 

Mercuric  Ion  Is  cytocoxic  and  muiagenie  to  e«lb;  however,  the 
mechanisms  of  mercurie  jon-induced  cytotoxicity  are  riot  well  un¬ 
derstood.  Nuineraus  studies  have  suggested  that  these  eftbccs  may 
be  due  in  part  to  the  aJUretlon  and  inhibition  of  a  variety  of 
cellular  ptoeessca  including  DNA  rspileatlon.  DNA  repair.  RNA 
tranKripiion,  and  protein  synthesis.  Studies  uriUslng  whole  cells 
to  examine  then  activitleii  are  not  able  to  spedftcaUy  identify  the 
precise  meehanlsm  or  tile  of  the  effect.  Dther  inidlet  carried  out 
using  whole  cell  extracts  and  variously  purified  DNA  polymanaet 
are  nor  able  to  adequately  represent  the  highly  ordered  environ' 
ment  In  which  DNA  lepUeailon  occurs  in  the  intact  cell.  We  report 
here,  for  the  Am  time,  the  use  of  an  Intact  human  e«U  muiUpcoiein 
complex  (which  we  have  termed  the  DNA  synthesome)  to  carry  out 
full-length  ONA  replication  and  DNA  synthcsia  in  the  ptoence  Of 
Mg'*  ion  (n  vitro,  in  this  study  we  report  that  DNA  rtpllaatlon 
and  DNA  polymerase  activity,  as  well  as  ONA  replication  Rdellty 
of  the  human  ceil  DNA  syndicsome.  are  speclAcally  inhiUted  by 
physiologically  attainable  enneenrrations  of  mercuric  Ion.  a  irer 

nad/^rmiw 


Mercuric  ion  is  extremely  cytoioxic  to  bciih  procaryotic 
and  eucaryotic  cells  (Umeda  ei  al..  1969;  Umeda  and  Niahi' 
mura.  1979:  Cantoni  et  al,  1982.  1984;  Goldberg  «t  al., 
1983).  In  humans,  mercuric  ion  is  known  to  accumulate  in 
the  thyroid  gland  and  to  potentially  lead  to  the  formation  of 
premalignant  and  malignant  thyroid  nodules  (Zalchick  er  al. 
1985).  Patienrs  with  chronic  exposure  to  mercuric  Ion  have 
also  been  found  to  have  greatly  elevated  levels  of  meicurlc 
ion  in  their  kidney,  os  well  as  renal  tumors  conuining  elo' 
vated  levels  of  mercuric  ion  (Boffetta  er  al,  1993).  The 
precise  meehaoism(s)  mediating  the  carcinogenic  effects  of 
mercuric  ion  is  not  well  dcfiricd.  but  appears  to  be  related 
to  the  ingestion  or  inhalation  of  the  meiul.  conversion  of  the 
metal  to  mercuric  iun.  and  the  translocation  of  the  ion  to  the 
thyroid  (Zaichick  er  al,  1983).  Part  of  the  cytotoxic  and 
carcinogenic  effects  of  mercuric  ion  may  be  due  10  the  idtility 


of  the  meml  ion  to  alter  the  DNA  synthetic  machinery  o 
the  cell  (Goldberg  er  al,  1983;  Robinson  cf  al.  1984;  Wii. 
Hams  ei  ol,  1986).  Alterations  of  the  activity  uf  the  DN..^ 
replication  machinery  are  suggested  to  have  a  role  in  mediat¬ 
ing  the  mutagenic  effects  of  mercuric  ion  (Artza  and  Wii- 
lianis.  1996). 

Mercuric  ion  has  been  reported  to  alter  both  the  extent  ot 
DNA  synthesis  and  the  type  of  DNA  replication  producis 
formed  in  experiments  using  intact  mammalian  ceils,  (Anza 
and  Williams,  1996:  Robinson  et  oL,  1984;  Oberly  er  al. 
1982:  Christie  et  al,  1984).  cnide  mammalian  cell  extracts 
(Oberly  «  oL  1982;  Robinson  ei  aL.  1984),  and  puritted 
enzymes  (Caldcntcy  er  al.  1992:  WUUama  eial,  1986;  Ob¬ 
erly  e(n/.,  1982;  Niyogiera/..  1981:  Hsie era/.,  1979),  The 
Inhibition  of  DNA  polymerase  activity  by  mercuric  ion  is 
postulated  to  be  at  least  partially  responsible  for  the  observed 
inhibition  of  Intact  celt  DNA  synthesis.  Furthermore,  mercu- 
tie  ion  not  only  inhibits  the  activity  of  the  DNA  polymerase, 
but  alters  ilie  fidelity  with  which  DNA  synthesis  is  canted 
out  by  this  polymerase.  In  vitro  mutagenesis  assays  utilizing 
purlfled  tscherirhia  colt  DNA  polymerase  have  demon¬ 
strated  that  several  divalent  metals,  which  are  known  to 
be  carcinogenic  (c.g..  lead,  cadmium,  and  nickel)  produce 
slgnincani  increases  in  the  number  of  nucleotide  misincorpo- 
retions  during  the  DNA  synthesis  process  (Sirover  and  Loeb. 
1976;  Miyaki  et  al.  1977;  Slrover  CiaL.  1979;  Tkeshelash- 
vili  ei  al,  1979.  1980).  Because  merouric  ion  is  a  suspected 
carcinogen  and  a  member  of  the  group  BII  elements  (which 
also  contains  cadmium  ion,  a  known  carcinogen)  we  decided 
to  examine  whether  the  mercuric  ion  could  potentially  act 
as  a  carcinogen  by  altenng  the  activity  of  the  DNA  synthetic 
machinery  of  the  cell. 

Mercuric  ion  has  been  postulated  to  use  one  or  more  of 
the  following  mechanisms  to  alter  the  fidelity  of  the  DNA 
synthesis  process.  Rrst,  mercuric  ion  can  alter  substrate  con¬ 
formation  (i.C-.  through  metal-nucleotide  interaction):  .sec¬ 
ond.  it  can  alter  the  conformotion  of  proteins  essential  for 
replication  and  for  repair  (Williams  and  Crothers.  197S)  (i.e„ 
through  metal -prorein  interactions);  third,  meicuilc  ion  can 
alter  template-base  specificity  iZakour  et  al.  1981).  Mctcu- 
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ric  ion  also  exhibits  two  progenies  which  dramatically  con¬ 
tribute  to  the  development  oi’  alterations  contained  in  cells 
exposed  to  mercuric  ion.  hirst,  mercuric  ion  has  been  shown 
to  have  potent  DMA  strand  scission  activity  (Camoni  a  aL 
1984;  Robin.son  et  ai.  1084;  and  Williams  i‘t  uL  1986), 
This  property  allows  the  ion  to  induce  changes  In  the  DNA 
lempbtd  which  can  alter  ihe  ability  oi'  the  ONA  replication 
machinery  to  bind  to  the  template  properly.  This  disruption 
in  template  binding  is  also  postulated  to  distort  at  least  some 
ot  the  componems  of  the  replication  machinery,  and  subse¬ 
quently  alter  the  binding  of  tleoxynucleniides  by  DMA  poly¬ 
merase  and  cau.se  misincorporaiion  of  nucleotides  into  the 
growing  DNA  strand.  Second,  mercury  has  a  strong  aftinity 
tor  rhiol  bonds,  which  are  present  in  vinually  ell  of  the 
replication  proteins,  and  mauv  other  cellular  enzymes 
I  Hayes.  1983),  The  binding  of  mercuric  ion  to  these  thiol 
groups  can  severely  dision  the  stnictural  integrity  and  activ¬ 
ity  of  these  proteins.  To  examine  whether  mercuric  ion  cut 
alter  the  activity  and  fidelity  of  the  DNA  synthetic  apparatus 
of  human  ceils  we  isolated  the  cellular  ONA  synthesizing 
machinery  from  human  cervical  cancer  cells  (HeLa)  and 
tested  the  effects  of  a  range  of  mercuric  ion  concentrations 
on  in  vitro  DNA  replication  activity.  DNA  polymerase  activ¬ 
ity.  and  fidelity  with  which  this  complex  carries  out  DNA 
synthesis. 

We  chose  to  use  the  isolated  DNA  synthetic  machinery 
from  KeLa  cells  for  these  studies  because  our  ciiaracteriza- 
lion  of  this  highly  organized  complex  nf  proteins  (which  we 
have  lemed  the  DNA  synthesomc)  (Lin  etaL  1996)  U  fully 
competent  to  support  ail  phases  of  simian  virus  40  (SV40) 
origin-specific  DNA  replication  in  vitro  (Malkas  er  el, 
1990).  The  biochemicol  characterization  of  this  isolated 
multiprotein  form  of  DNA  polymerase  has  resulted  in  the 
identification  of  several  protein  components  of  the  synihe- 
some.  These  proteins  include  ONA  polymerases  a,  S,  anti 
e.  DNA  primase.  ropoisomerascs  I  and  II.  proliferating  cell 
nuclear  antigen  (PCNAl.  replication  factor  C  (RFC),  replica¬ 
tion  protein  A  (RPA),  ONA  helicase.  DNa  methyitransfer- 
ase.  poiy(ADP)riboee  polymerase,  and  DNA  ligase  I  (Maikas 
et  oL,  1990;  Applegren  ei  ah.  1995;  Coll  et  oL.  1996).  In 
addition,  the  ONA  replication  process  mediated  by  the  hu¬ 
man  cell  synthesomc  in  vitro  has  been  shown  to  exhibit  all 
of  the  features  of  the  replication  process  as  it  is  carried  out 
by  the  tnuci  cell  (Msdkas  n  al.,  1990;  Applegren  a  ai. 
1995).  The  DNA  aymhesome  has  been  isolated  and  charac¬ 
terized  from  human  and  murine  cells  (Maikas  ti  ai,  1990; 
Appiegtenera/.,  1995:  Wu  era/,.  1994),  human  breast  tissue 
ceils  (Sekowski.  unpublished  data),  primary  human  breast 
tumors  (Coll  tt  ai,  1996),  human  leukemia  calls  (Lin  er 
ai.  1996),  and  human  pancreatic  cclb  (Hickey,  unpublished 
data).  Our  model  describing  the  ONa  synthesome  is  based 
on  the  sedimentation  and  chromaiogrophie  prefile.i  of  the 
individual  proteins  found  to  copurify  with  one  another  as  u 
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fully  functional  DNA  rcpllcuiion complex  (Wu  etaL  1994 
Applegren  el  al..  1995:  Coll  era/..  1996). 

The  resuli.s  piescmed  here  strnnaiy  suggest  that  the  humar 
DNA  .synihexome  can  scivc  as  a  useful  and  highly  novel  in 
vitro  model  sy.siem  for  testing  whether  heavy  metal  ions  can 
directly  induce  changes  in  the  activity  and  fidelity  of  the 
celltil.'tr  DNA  synthetic  apparatus. 

METHODS  AND  MATERIALS 

CtU  cutturr  and  hanm.  Su«pen«on  eulnues  Of  HeLa  cells  v/ere 
fnwn  in  Jokllft  modl'ited  Engle's  medium  supplemented  wilh  each 
ot  imdiated  calf  ana  newborn  hpvtnt  stnim.  Eipenemiilly  grouting  cells 
(5  X  Iiy  cells/ml  nf  medium)  were  harveiteo  and  wished  three  times  >uith 
phoiphsie  bufferevi  saline  IFBSV.  S.4  mM  NajHPO«.  137  tax  N»C1.  2.7 
niM  KO.  1.5  mid  KHiPO..  The  eelli  wen;  dien  pellcud  by  low-speed 
csnirifugetton  (200i,  5  min.  4'C)  and  the  cell  pellet*  wet*  sioted  «i  -80^ 
pfloe  to  initiating  me  isolation  of  the  ONA  eyndteaMne. 

Monolayer  cuIiuks  of  MeU  cells  were  grown  in  DMF,  containing  Srt 
each  of  irradiated  calf  and  newborn  hovme  tuum.  The  culcum  were  titsin- 
uineO  at  irC. 

Prtpamion  e/  Ihe  DM  sfinkttom*.  The  HsLa  cell  DN  A  synthesome 
wu  iMllted  At  described  by  MalUt  tt  aL,  ()9W).  7)*  pmain  fraeiinn 
detigneted  Q-Sepharose  (Maikas  ft  nl..  1000).  which  conulni  the  ONA 
replication-competent  lynthetoinc.  wae  uaed  id  Utt  experimenu  described 
in  ihi*  lepon. 

rttpuvion  of  At  S.V40  laifi  T’dattttH.  The  SVdO  large  T-antigen 
pmain  wee  pitpared  u  described  pteviously  by  Sltnania  and  Lane  1 19X5). 

UtMnnmtnt  afiMea  etU  DNA  ijiuketi*.  MomUyer  culnncs  uf  0.5 
X  )0*  HflU  cells  were  smded  in  W-mm  tcH  culniic  dithes  and  allowed 
to  grow  overnight.  Tlie  stock  conctnmtiona  of  neronric  chloride  to  be 
tatted  welt  dissolved  in  18.3  Megeohm  MilllQ  HjO  and  then  added  to  the 
cell  cuinjiei  to  yield  fine)  eonccnoaiiuna  of  I  •  KB  iM.  Pollowinf  1  S.  or 
8  hr  of  aapotun  to  d»  mercuric  chloride.  (’H)dsy»U*na  wu  addeo  to 
individual  cell  cultures,  and  the  tmouni  of  ['HltbyinUlae  Incorporated  into 
nacromoleeuler  maierie)  in  I  hr  wai  determined  at  deeeribed  by  Hoorii* 
tt  aL  11971).  The  number  of  cells  in  pi****  consainlng  ZnCli  and  NaC! 
Increased  by  appmtimeiely  25%  over  the  8  hr  pariod  in  which  tlw  »»«y 
was  peiformcd.  Plates  containing  HgO»  wem  meeaid  Idtmiceily  to  the 
cenool  plates,  and  no  cells  wen  Imi  during  the  naaay. 

fm  tiert  DNA  rtpUeaaon  attap.  The  reaetion  inuOBU  (SO  pi)  coniain 
SO  mx  Hepei  f pH  7  8).  7  oim  MgO,.  0,3  mx  DTT.  50  pA  dATP.  100  pt* 
each  dOTP,  dCTP.  und  ffTIP.  either  5  pO  la-*’P)dCn*  (4000  cpmrpmol) 
er  100  p»i  OCT?.  200  mx  esch  CTT.  OTT.  and  OTT.  4  BM  ATP. «  noa 
phosphoerratinlne.  100  pt  of  creaunine  phatphokinase.  IS  nux  lodiuni 
phoephate  tpH  7J).  approximately  1.0  pf  of  largo  T-anri|t1S.  and  2{X)  ng 
of  the  plumid  pBlC-CMV  (available  from  Stntagene.  Le  JeJle.  Ca>.  the 
reterten  fflisture  wss  incubated  at  iTC  for  3  hr.  Aiber  3  hr.  10  (ri  Of  tlia 
reaction  mixture  wu  pipenad  onto  Whatman  DE8)  AUtri  and  allowed  to 
airdlry.  The  filter*  were  then  wuned  lx  IS  min)  with  0.1  ss  NsPK  buffer 
(pH  7.0),  Olid  Sx  (5  mini  with  04  m  ammonium  fbcnuut  (pH  7,4).  air* 
dried,  and  counted  In  *  liquid  Kinditaiion  counter  (30). 

ONA  polymtmt  tuiay.  ONa  polyinecase  aetivuy  wu  measured  ss 
described  by  Maikas  n  «/.,  (199U). 

ONA  tfrand  edition  atutj.  Two  hundred  'nanograms  of  supemoiled 
(iSVOa.  plasmid  ONA  (MtJku  tt  at..  IPM)  wea  iacubaled  with  vanous 
eonvenmiloni  of  HgOi  in  Die  in  vitro  DNA  lepUaMO  aiuy  buffer  for 
24  hr  ai  ,17*C.  The  tmaied  DNA  wu  extracted  end  preeipitetod  ss  dsotribeO 
bvlew.  then  visualized  by  nondensiuring  agarose  gel  electropriOrasi*  and 
elhidlutn  bromide  staining. 
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PrrcipUenon  of  tht  ntwh  rtplicatiii  DS'A,  Foliowin?  ihe  cpniiing  oi 
10  u\  OI  the  reaeiinn  rnixfuw  onro  10F8I  lilicn:,  ihe  DSA  in  the  rcnidiiiiii|i 
■10  III  oi  M^ay  muiuic  wiis  ircaicd  vi.|in  Dpnl  (O.OJ  L'.  3U  mini  10  remove 
ony  unreplicaied  pUsmid  lempl^ie  ON'a  prrerni  in  the  rojciion  miiivre,  and 
;il>er  the  digcsnon  oi  nonrapiicairo  leiiipbic  DNA.  the  fepilCOied  ptormid 
»urvivin8  Oieeslion  was  exlraciiO  usini;  me  ptienoiichlnror'orm  Mirncnon 
procedure  detenbed  by  Sambrooi,  .■/  j;.  <  IdUQi,  The  extracied  DNA  w»s 
precipitated  by  i|ie  addition  Ol  affltnonium  acetate  to  a  lind  coneenlrotinn 
of  U.-  M  along  with  '  vol  nt  lloCt  Kopropanol.  Afi*r  eentrifugauon  at 
ti!.000  rpm  (|4.956ri,  the  resulting  DNA  pellets  uert  washed  Jx  wiih 
70'3-  einanol.  air-dned  or  dried  in  a  speed-vacuum  iS.ivnni  Instnimanui. 
and  (hen  resuspended  in  20  |/l  TK  butter  i  lu  mM  TiivHCl.  pH  8,0/1  mM 
N».  CDTA), 

Forward  mala%<ntdt  assaji:  Tranuformeiion  and  plalint.  The  for. 
ward  muiagcnesis  assay  employed  by  our  isboraiory  uses  the  DNA  template 
pBK-CMV  lavailable  trom  Siraiacenei.  Tliis  aSlg-bp  plasmid  contains  the 
SV40  origin  of  DNA  replication,  a  neomycin-  and  lianamycin-retictanea 
gene,  the  lac/  promoter  ilPTC  inducible  i.  and  the  /uc  Za  gene  (encoding 
the  complemciiiuiiun  protein  for  d-gaiaciosidasei,  We  have  deiannined  ihtt 
innsibrmaiion  of  the  unreplimird.  unmodified  pBK-CMV  into  the  C.  coll 
hoei  reculit  in  the  fotmaiion  uf  less  than  one  mtiUUU  colony  per  S  X  10* 
transformants,  fhus.  the  pBK-CMV  template  hat  a  tponitnteut  muiatlon 
frequency  that  is  approcimsiely  lO'-fold  lower  iliaii  dial  of  (he  MI3mp2 
phate  DNA  template,  wnicn  is  used  in  other  muiagenesis  assays. 

The  in  two-replieaied  pBK-C.MV  (following  digctiioni  was  uieii 
to  iransibmi  eleeinicompeiciii  £  call  host  cells  lXL-1  Blue  MRF’).  The 
transformation  was  carried  out  by  the  oddiilnn  nf  30  ql  of  eieeiroeompeienc 
bacteria  lapproiimateiy  9.0  k  10*  ceiUi  to  approximately  lQQ-200  ng  of 
Opnl'ircaied  pBK-CMV  ( 10  pll.  The  mixture  was  incubaud  for  10  min  on 
ice  before  eleciraponring  ihr  celli  tat  a  setting  of  t.4  kV.  25  mF.  and  200 
ehmsi  in  a  Bio-Rad  Gene  Putter  apparatus.  Immedlaiely  following  the 
clecmpomtion.  I  ml  of  chilled  sterile  Sfyr  buffer  (20  mM  glueoaa  in  LB 
media)  wai  odded  to  the  elMUoporaiion  cuvette.  Tlie  eleetrapomicd  ffliXtUIS 
was  then  incubated  on  ice  for  10  fflin.  and  then  in  a  mary  thaker  (250 
rpml  ai  37*C  for  I  hr.  An  amount  of  the  culture  eufAcieni  to  yield  500- 
1000  baeierial  itoloniei  per  plitie  was  placed  onto  20  ml  of  LB  agar  con- 
ulnlng  1.25  mg  kinamycin,  4  ul  IPTC  iini  mg/mlt.  and  40  yil  X<gai  (20 
mg/mll.  These  ploiing  eendiiion.s  give  intense  blue  color  for  (he  wild-type 
plAsmid  which  facllluici  (he  visualizailon  of  muiani  phenniypes.  The  mu- 
(an(  colonies  range  from  pure  white  to  iniermedlsie  lllght  blue)  phenotypes 
(Roberts  rr  at..  1988). 

Storing  of  muantt.  TTic  inactivation  Of  Ihe  (xomplementation  gene 
(ine  product  or  which  is  the  catalytic  suhunit  nf  d-galuciacidatei.  due  to  a 
mutation  in  the  lot  Za  gene  in  pDK-CMV,  gives  o  vtutciy  of  mutant 
phcnuivpes.  resulting  from  tne  tack  of  o  fully  functional  ^-galaeioeidu* 
geno  product.  Thete  mutant  phenotypes  were  scored  after  incubating  the 
plates  at  57*C  fot  uppniximaiely  12-15  hr.  Using  the  plating  conditions 
deKnbed  obove,  expmston  of  the  wild.iype  pBK-CMV  ONa  in  the  C.  coll 
host  genersies  a  dark  blue  bacterial  culuny.  Bacterial  colonies  expressing  (he 
inuuied  pBK-CMV  plasmid  express  an  altered  /3-galaeioiidase  gene,  whleh 
can  be  disringuished  from  those  celonic.i  exp(essiii|  the  wild-iypc  plasmtd 
by  their  light  blue  to  yellowish  white  color  phenotypes.  In  order  to  reproduc- 
tPly  and  precisely  score  the  variable  mutant  phenoiypea.  only  the  pure  white 
colonies  I  i.e..  colonies  lacking  any  trice  Of  blue  or  gnen  colon  weic  scored 
as  mvumt.  The  iigin  blue  colonics  compote  255b  (:t2%)  of  the  total  muioni 
population  regardless  of  mercuttc  chloride  treatment. 

Keagtmt.  Creuiniao  phosphokinase.  piioiphucreailnlne.  and  SH  of  the 
inorganic  inetal  salts  were  puronased  from  the  Sigma  Ghemical  Co.  The 
ribonucleotides  and  demyribonucleoiides  used  in  the  asuyt  were  purchased 
from  Pharmacia  Biotechnology  Inc.,  and  the  radiolabeled  nucleotides  used 
In  our  assays  (I'HIthymidine.  20  Ci/mmol:  ('HIdTTP.  20  Ci/mmol;  and 
|“P)flCTP.  3000  Ci/mmol>  were  puntliased  from  OuPont-New  England 
Nuclear, 


RESULTS 

Mercuric  ion  inhibit  i)i  viiru  DNA  replicaiion  i Fl%.  '.A 
Table  ll.  To  determine  whether  mercuric  ion  can  dircc:;-; 
affect  the  ability  of  the  isolated  human  cell  DNA  .synihesoir.: 
to  suppon  ill  vitro  DNA  synthesis,  we  performed  DN.A  >>  n- 
thesome-mcciiflied  in  vitro  DNA  replication  assays  in  uj: 
absence  and  prc.sence  of  a  variety  of  mercuric  ion  concentii- 
tions  (Materials  and  Methodsi.  and  then  calculated  the  sp-e- 
cific  activity  of  the  DNA  synthesome  in  units  of  picomoio 
of  nascent  DNA  per  hour  per  milligram  of  DNA  synthesome 
fptnol/hr/mgj.  The  results  of  these  experiments  (Rg. 
demonstrutc  that  even  low  concentrations  of  ilieteuric  ion 
significantly  inhibit  the  specific  DNA  replication  activiiy  or 
the  DNA  synthesome.  For  example,  reacuons  performed  i.n 
the  presence  of  2  piM  mercuric  iutt  inhibited  DNA  replicaiici: 
hy  more  than  50%  (60  pmol/hr/mg)  of  the  level  of  rcplicatior. 
reactions  performed  in  the  absence  of  mercuric  ion  or  ir. 
the  presence  of  equiinotar  sodium  chloride  (control).  When 
higher  concentrations  of  mercuric  ion  (4, 6.  end  10  pM)  were 
added  to  the  in  vitro  DNA  replication  reaction,  the  level  of 
DNA  rcplieuiiun  decreased  by  more  than  80%  (17.  16.  and 

19  pmol}hr/mg,  respectively).  In  fact  the  level  of  DNA  icpli- 
cation  activity  carried  out  with  T.antigen  at  these  concentra¬ 
tions  of  mercuric  ion  is  similar  to  the  level  of  background, 
or  T-antigen-independenL  DNA  synthesis  (13.13.  and  1 1 
pmol/hr/mg).  This  similarity  suggests  that  mercuric  ion  tat 
4. 6.  and  10  am)  may  have  a  direct  effect  on  the  activity  ot 
the  T-omigen  protein,  or  a  DNA  synibesvme  component, 
decreasing  the  T-antigen-inclusivo  DNA  teplicaiion  activity 
of  the  DNA  synthesome  to  a  level  near  that  of  a  replication 
reaction  carried  out  in  the  absence  of  T»antJgen.  At  the  higher 
concentrations  of  mercuric  ion  (20. 60.  and  100  pM),  a  slight 
increase  In  T-aniigen-dependeni  replication  activity  (from 

20  to  25  pmol/hour/nig)  was  observed.  This  may  reflect  a 
slight  precipitation  of  mercuric  ton  from  the  reaction  mixture 
or  the  binding  of  mercuric  ion  to  the  DNA  synthesome.  to 
protein  com]>uiicnts  of  the  replication  buffer,  or  to  the  tem¬ 
plate  DNA,  Thus,  the  amount  of  meteuric  ion  Bvailable  to 
inhibit  the  DNA  .synrhe.some  may  become  decreased.  To 
ensure  that  the  ubserved  Increase  in  incorporation  is  not  due 
to  a  gap-filling  or  DNA  repair-type  activiiy  of  die  synthe¬ 
some.  we  te.sieri  the  ability  of  mercuric  chloride  to  create 
single  or  double-strand  breaks  in  a  DNA  template.  In  Fig, 
1C.  we  show  that  incubation  of  a  double-stranded  DNA 
replication  template.  pSVO+  (see  Materials  and  Methodsi. 
with  various  concentrations  of  mercuric  chloride  under  DNA 
replication  assay  conditions  does  not  cause  on  increase  in 
single-.srrand  nicks  in  the  DNA  (Form  II)i  nor  docs  it  stimu¬ 
late  the  formation  of  double-strand  cul<.  or  small  fragments 
of  DNA. 

To  verify  that  the  inhibition  of  synthesome-driven  DNA 
replication  was  due  solely  to  the  interaction  of  ihe  mercuric 
Ion  with  the  synthesome  and  not  to  the  chloride  component 
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FIO.  I.  (A)  The  tfteet  of  a  range  of  tnereune  ehloriJe  conccntniloiU  OK  ONA  tywhcnoine-inodieted  in  *aro  ONA  icfltlCUiM-  In  vUro  PNA 
leplicailon  nniuriiaAc  wtn  perforoicJ  ai  JeJCflUM  under  Mtttritli  Md  MeihocU.  in  rim  abKiiue  «fld  presence  of  •  (ante  0/  ennoeniratinni  of  mercuric 
chloride  iS.  plus  T'antigen  DNA  synihesis:  O.  minuc  T-eMi|tft  ONA  syniMsii)  or  sodium  chloride  lA.  T-»»iige*-dcp* orient  DNA  »ynih«»ls)-  The 
values  reponed  am  the  average  of  three  indcpcmlrni  assiyi.  The  avenge  of  iu«*  control  fsodlum  chloride)  leocupns  M.Tied  out  in  the  pittance  of  varinut 
eooeemratlon*  of  sodium  wee  used  M  catculaie  Ihe  specific  aedviiy  of  the  conuol  utuei  ONA  synthesomt.  The  <  srium  chloride  “elue*  fell  Uf.« 

W  and  IDO*  of  Ihe  ipeeilte  octiviiy  ohcen-cd  In  ONA  repllcauon  nsaetians  canted  out  in  the  abcence  of  meua  ceitf.  Rokuoiw  coadURtO  11.  <«*  preienec 
of  sodium  chloride  Moved  «  a  potiiive  control  for  comparing  the  tfket  of  ahloride  Ion  on  in  vim  DNA  synthesis,  thn  m»n  spoetfic  leilviiy  of  two 
eentral  reactions  devioted  less  than  from  Mch  other.  The  uniis  of  sodium  chloride  (conirol)  specific  activity  mpraecni  T*enti|cn-slcperalem  activity 
lUnils  of  DNA  neplienrion  aeiiviw  in  the  prewtee  of  T-antigcn  minus  the  units  of  DNa  replication  aciiviiy  In  me  aPsence  of  T'lPlittn).  tB)  The  effect 
of  a  range  of  mercuric  chloride  concentniions  on  ONA  synihcsoniC'assawiied  DNA  polymerase  octiviiy.  In  vim  DNA  syndwsorne-eeeocitttd  DNa 
polTmerane  assays  twm  performed  as  described  under  Materials  and  Methods.  In  the  absence  and  presence  of «  range  of  eoneenoidons  of  merttinc 
chloride  !■)  or  oodium  chloride  lO).  The  values  reponed  are  the  overage  of  three  IndcpenJeni  assays.  The  avenge  of  two  control  raneilons  oaroed  out 
in  Ihe  aOfoiKo  of'  mccai  salts  was  used  to  calculate  the  aetivity  of  the  nomrested  ONA  synihesomn.  (C)  The  effecs  of  inereuric  cUuride  on  DNA  template 
integmy.  Die  interaction  of  mercuric  ion  and  template  ONA  woi  eiimined  uiiBg  the  strand  scissiuii  essay  oi  desenoed  under  Moinrinl*  »nd  Methods. 
Mereurie  chloride  conceitutiiloiis  tut  indicated  for  each  line.  Lane  1. 0  mm:  Itiae  Z,  2  lane  3.  10  sim:  lone  4,  23  mm;  lone  3.  SO  utt:  itee  6.  TS  pm; 
lane  7.  IQO  px;  ISIK  8.  123-hp  mariier  iSigma  Co.). 


of  (he  salt  or  (be  divalent  chnracier  of  mcteunc  ion.  we 
performed  in  vitro  DNA  replication  reactions  in  the  presence 
of  various  concentrations  of  sodiun).  dine.  Of  nitrate  ions 
(Tabic  I ).  Our  results  indicate  that  sodium  chloride  did  not 
significantiy  inhibit  T'amigen-depcndent  in  vitm  ONA  repli« 
cation  (i.t..  less  than  S%  inhibition)  ut  the  concentrations 
tested.  It  was  also  ob.scrved  that  sodium  nitrate  had  ilitie 
effect  on  synthesomc-driven  DNA  replication  over  the  rongo 
of  concentrations  ozamined.  To  determine  whether  the  effect 
of  merv'uric  ion  on  in  vitro  DNa  replication  could  be  sttribui* 
able  to  the  divalent  nature  of  the  mercuric  ion.  we  added 
zinc  chloride  to  the  replication  reaction.  We  observed  that 
zinc  chloride  slightly  inhibited  T-amigen-dependent  in  vitm 
DNA  replication  at  the  highest  concentration  lesteri  lltX) 


iMf.  Itthibiiion  of  (he  DNA  synthcsome-nwdlaied  in  vitro 
DNA  replication  by  100  pM  zinc  chloride  was  only  about 
5%  greater  than  that  observed  in  reactions  run  in  the  presence 
of  100  fiM  sodium  chloride  or  sodium  niosie,  and  though 
statistically  significant,  the  decrease  in  synthetic  activity  ran 
well  within  the  czpecied  eRperimental  ettor  for  ib«  assay. 
Taken  together,  these  results  suggest  thai  the  effects  of  mer- 
curio  Ion  on  synthe.sorne»mediated  DNA  replication  are  due 
specifically  to  the  mercuric  ion  itself,  and  not  the  counter 
ion  or  the  divalent  character  of  (he  metal  ion. 

Mercuric  inn  inhibits  synihesome-associated  DNA  poly¬ 
merase  activity  in  a  manner  that  mirrors  the  Inhibition  of 
synthesome-niediared  in  vitro  ONA  replication  {Fig.  IB). 
A  recent  report  has  suggested  that  mercuric  ion  inhibits  DNA 
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on  DNA  hynihcsome-Medtated  in  Vim  DNA  Replication 
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and  “-«»«  Material. 

absenn  .at  «»- 

"Hie  value,  reponeo  repfeseni  me  averace  of  three  InderwaA...  , 
from  the  average  by  no  mote  iliun  uctjeviiteo 


polymerase  activity  fCaldentey  «  d.  1992).  Wc  initiate 

acttvity  of  synthcsomc-assotiuictl  DNa  poivmerase.  DN/ 
synthesome-associflted  polymerase  activity  of  the  DNA  svii 
Aesomc  was  measured  in  the  absence  or  presence  of  variou, 
eoncontrations  of  mercuric  chloride  (1-100  umMFib  IB) 
Inhibition  of  polymerase  activity  below  that  of  the  m 
metal  control  began  at  2  ttu  mercuric  ion.  Over  95%  of  iht 

'  inhibition  was  inhibited  atconcen. 

tration.s  of  mercunc  ton  m  excess  of  2  fiM.  Very  low  concen- 

to  «««um?on  (2-6  ^m] 

S&VSiy’''™"” 

We  also  observed  that  the  DNa  synthesome-associated 

dium  chlonde  m  excess  of  40  ^m.  resulting  in  an  Inhibition 
in  the  activity  ot  the  DNA  polymerase  of  less  than  10%  as 
coi^mred  to  the  no  metal  control.  Ilie  inhibitory  effects 

JsSed’DNAno'I  synthwome- 

S ft,  r  polymerase  a«  therefora  specifically  «irib- 
utable  to  the  heavy  metal  ion.  and  clo.sely  parallel  the  marcu- 

mtri  observed  for  synthesome- 

mediated  m  vitro  DNA  replication.  ymnesome 

Correlation  of  the  effect  of  mercuric  ion  on  evnthesotne- 
driven  in  vttn  DNA  replication  with  that  of  Intact  cell  DNA 
^nthes,s  (Fig,  2.  Tahle  2l  To  conelate  L  effeeJ  of  me^ 
unc  ion  on  m  vitro  DNA  replication  with  that  of  exponen- 
oally  growing  cell  DNA  synthesis,  we  examined  the  rtllhy 

fol!oSSi!ht*  'ncorporaie  ('HJihymidlne  into  DNA 
following  their  exposure  to  various  concentrations  of  mercu. 

iltll  1  '"““bated 

orgVr  if  I,*  ““"centrauons  of  mercuric  Ion  for  2.  4.  6. 
or  8  lu-.  At  each  of  these  times  the  level  of  cell  DNA  synthesis 
was  determined  as  described  under  Materials  and  M^tho*! 
Relative  to  the  no  meuJ  comnils.  the  results  depicted  in  Fig. 


2  indicate  that  intact  cell  DNA  synthesis  was  Inhibited  b\ 
greater  than  80%  at  the  higher  concentrations  of  racrcurn 
ton  1 10- 100  UM)  during  the  first  2  hr  of  the  experiment, 
while  lower  conccnuaiions  of  mercuric  ion  (1-10  u.\(l  re. 
duced  intact  cell  DNA  synthesis  by  25-80%.  The  effect  o: 
mercuric  ion  on  intact  cell  DNA  synthesis  occurs  rapidK 
Wiiiiii,  2  lir  of  exposure  to  1  pu  mercuric  ion  cellular  DS^ 
synthesis  is  reduced  to  64%  of  that  exhibited  by  control  cell: 
not  exposed  to  the  metal.  In  addition,  exposure  to  1  ^.v 
mercuric  ion  for  an  additional  2  hr  deeraased  intact  cell  DN  ^ 
syndesis  to  only  20%  of  the  unexposed  control  cells  (Table 
2).  Higher  concentrations  of  mercuric  ion  (10  and  100 
resulted  In  over  an  85%  inhibition  in  intact  ceils  after  onl> 
?  exposure  to  metcuric  ion  (Fig,  2),  and  the  level  oi 
inhibition  closely  parallels  that  observed  after  prolonged  c.s- 
^sure  to  I  uM  mercuric  ion.  and  exposure  to  mercuric  ion 
It  cf  10  and  100  pM  concentrations  of  the  mciaJ 

(Table  2).  Exposure  of  cells  to  100  mercuric  ion  for  > 
hr  completely  abftli.xhed  intact  cell  DNA  synthesis.  High 


01  a  range  nr  concencmioAa  of  iwtcunc  Qhlori^ 
•M  .Odium  ohioride  on  inuet  cell  DNA  tynthesis.  lauaeell  DNA  IVnUiests 
•wyi  were  deteimined  ss  described  under  Mtttriils  tad  Method,  in  the 
ind  pmence  of  >  rang,  of  oeneoninden*  of  meieuric  chluridi: 
(■>.  The  viiuc.  repuned  ue  ihe  tversge  Of  time  liid«pt>Jfni  uuys.  Con- 
Bol  iiictioni  were  carried  oui  in  ihe  ahnenee  efiMnl  ulu.  1h$  vriuc.  for 
the  inoorporsiton  of  ['H]ih)rmidine  into  ecid-InKiluble  muertll  from  the 
Indlvtduel  culture,  of  cell,  oonaining  I  X  10*  eeUi/plun  devf.ted  from 

!f  *•'*  jwwm  Inhibiuun 

or  I  iijth/midiiie  iiicoiponiioi  Into  cell.  Ineubued  with  etch  of  the  indicates 
rencentnueni  of  mercuric  chloride,  HeLi  eelU  u«ra  smW  it  t  den.io 
X  JO*  p®r  60  mm  cell  culture  plate.  Twenty-four  howi  Uieftfa  cultures 
m conaniraiioM  of  mneuric  ehlorid.  (I.  a.  g. 

«o  i  hr,  AT  tl*  time  intervals 

lai^n^Si';  T  I  hr  with  (’Hlthymidlne  (I  „a/mli 

rnri^medk  after  which  the  cell,  wenr  wniM  thra.  dmo.  wi*  PBS 

M  and  the  .ovel  of  nucleotide  incoipuraiod  Into  DNA  wu  meuurec 
^  I  quia  Klniillation  counting  u  described  by  Harwia  era/.  (I97|).  The 
‘X"**.'.  i.  e»pie«»d  a*  •  pnrceniege  of  the  level 
^na  .yntlicri.  oteerved  In  cell*  incubated  wiin  i  idm  sodium  chloride. 
The  rwullt  shown  in  this  figure  are  rhe  tvwige  of  three  mbuii.  .xperi- 
menu:  error  bur  d.noi.  the  lumdard  error  of  tho  mewa. 
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MERCCRJC  (ON  alters  REPLIfATinN  PIDFLITY 
ett  / table  i 

- - Chloride  anc  aiioride,  and  Mefcuric  Chloride  on  Inact  CeU  DNA  S)Wthe«i* 

- - -  coflifoi  celt  1)NA  ivnihesis'-' 


- - - - - *  91  $9 

using  inc  pfocedurci  daxcnbtd  S4M£n»i€  t  ,  . . 

(  H|Ar».,<i;nc  inw  ..w-precipiiaied  maienal.  "  ""  '"W  ri«efm.n«f  by  «»«uring  ch.  i«e*.por«io„  o: 

Tfte  valutt  reported  represew  (he  tyerag,  of  thrtt  rndeoandeni 

.rj^Atrir  *“  ■“ 

•Ctil  lUlinrct  nn  „p,M  u  ik.  *•  "Mua  rliiii  upnilm,  n 

ion  on  synthesome-mediated  m  ,>i,ro  DNa  «pji«  Md  2  o  nS  pcf  2  x  10»  t«iuformar.w. 

IWA  synthesomc-associsted  DNA  polymerase  activltv  1*  colonies).  Since  this  fldcliy  ussy  system 

(Rgs.  1 A  and  IB).  '*  ®"*y  to  dctcci  muteiions  thai  affect  the  tor  2a  gene 

In  contrast  to  the  inhibition  of  imoci  cell  DNA  irr,A«ic  “P  nucleotide  se- 

hy  meKueic  ion.  the  ability  of  intact  cells  to  cany  Jut  DNA  scor/mf^  pflK-CMV  ptosraid,  and  because  we  only 
synthesis  was  maintained  in  the  presence  ofsodJm  chlarid*  fi  oTi  ^Wch  produce  a  completely  inactive 

or  2fnc  Chloride,  and  did  net  decrease  o^eTj^uooTjf 

4c  entire  esperiment  (Table  2).  This  observation  strongly  •"  ** 

suggests  that  the  inhibition  of  jntact  cell  DNA  fk  routations  produced  as  a  result  of  canrying  out 

the  mctcunc  Ion.  and  not  the  djvaJent  natuns  of  die  Sn  2  ^  merciinc  ton.  We  also  tested  higher  ooncentraiions 

the  presence  of  the  counterion.  mercunc  ion  (10-80  IM  mercuric  ion),  fop  their  ability 

Phytiohgiealh  ariainubJe  canr^ntr/tn^^r  i  **  rwuce  the  in  vitro  DNA  synthetic  fldetiiy  of  the  DNA 

decrease  in  vitro  DM  rtpiicaiion  Meiiry  jynthesome.  We  observed  mutation  fnqueocies  that  were 

order  to  determine  whether  physiotogieSy^tainLte  oof  drSc^hi^t ‘«^k«»®und  (Fig. 
cenirauons  of  mercuric  ion  could  alter  the  DNAsvmhtZ  concenirauon  of  mercuric  ion  (lOOoM)  tested 

product  formed  following  earosum  ofl.  c!£i  ^  L  ^  iocreasc  in  replica- 

thetic  apparatus  to  very  low  coneentrarions  of  mercuric  fon  roTfod?  ”  ’*’'**'  for  reactions 

(*•*•'  ‘»®‘wccn  I  and  10  pM)  (Iyengar  et  aL  197«-  SSa  ZuZu"  f  ‘®“-  “nte  results  of  our  fidelity 

and  Imura.  1980;  Svensson  r/ ,99/ Ac  muiaUon  fttquency  in- 
id, of  increasing  rameuric  ion  concentra- 

ward  mutagen/sl$  MsaJ'S^MaJriTl!  in  uansfonnadoa  experiments 

in  Vitro  DNA  gtrS)‘’w  ^ 

opnl  digestion  of  the  replication  produois  in  order  to“  j5  ZTcy  on^  7‘  *temun^  that  the  ficquency  and  effl- 
MIC  colonics  p^uced  by  the  nonreplicated  DNA  template  DNa^m  "“fcuric  chloride  treated 

As  shown  in  Rg.  4  concentrations  of  mercuric  lon  betw^n  dot,  ■  J  produced. 

6aadSuM  increased  the  number  of  detectable  muStu  by-  lultie  transfonnaUons  carted  out 

approAitnatcly  Id-  to  17-fold  over  the  bacCndmTucloJ  Sr  m  DNA  Umplate.  Taken  to- 

frequency  ansing  in  the  DNa  products  isolwed  from  resc-  fhls  raercnrir“S  ° 

merevne  chlondc-treatcd  DNA  tnuuforraadon  control 
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Flo.  1.  Btcicrial  colony  fomiiion  uti  deiaction  of  colonlei  eipnitint  t  defaeiive  5-gti>cio«idM«  gcM.  0«E«etUt  hon  celU  wen  tnntfomied  with 
newly  nplic&ifd  plumid  conuining  me  lac  /a  gene  (sBK'CMV)  end  pitted  u  deicrltml  under  MilentU  end  MechodL  Hie  pieimid  DMA  upttuti 
by  the  bouicrial  colonttr  wn  isolated  from  DNA  iyncheMine*medl«ed  M  wriw  DNA  reDllcirinn  mctlent  cinied  out  la  the  ibtmat  (A)  or  prtience 
(B-0)  of  inereuric  chloride-  The  follotiriiig  pUtes  ore  npnsentuiv*  of  luuin  abuined  lieni  the  forwaid  mougeimii  AUly.  (A)  (no  neull  •  I  muuni 
per  4.S  M  lO*  trwuronnenu  ■  O.OZ^t  mgitni  frequency;  (B)  <}  /um  HgCI]}  *  3  muuntt  per  KSO  iniufomma  ■  O.M*  nuaet  frequency;  (O  (SO  ftM 
HgClji  •  5  mtiunit  per  700  iranifomionis  -  0.86^  muuini  frequency;  (0)  (IDO  ttt*  HgCI,)  »  It  muienu  per  400  cratufocmua  •  muuni 
frequency. 


sussest  lhai  strand  soission  or  oilier  DNA-mcrcuric  ion 
events  do  not  Slone  cresie  mutant  transformonts  in  our  assay 
system. 

DISCUSSION 

In  this  report  we  have  demonstrated  that  merouiie  ion 
selectively  inhibits  in  vitro  synihcsome-mcdiated  SVdO 
DNA  replication.  Uur  experimental  results  suggest  that  the 
synthesomc'incdiaied  ONA  replicaiinn  system  may  be  a  use- 
fdi  model  for  examining  the  effect  of  mercuric  ion  on  DNA 
synthesis.  Mercuric  ion  inhibits  in  vitro  ONA  replication  in  & 
eoncentration-dependem  manner  that  closely  comiates  with 
that  observed  in  intact  HeLa  cells.  In  Intact  cells,  DNA  syn¬ 
thesis  was  rapidly  and  dramatically  inhibited  in  the  presence 
of  high  concenusdons  (lO-KX)  /(Ml  of  mercuric  ton,  while 
lower  concentrations  of  the  metal  ( I  - 10  uW  were  observed 
to  inhibit  DNA  synthesis  to  a  much  lower  degree.  The  inhibi¬ 
tion  of  DNA  synthesis  observed  in  intact  cells  following 


prolonged  exposure  to  the  ffleial  ion  COUld  be  the  result  of 
Ihe  interaction  of  mercuric  ion  with  other  ceilular  processes 
that  support  intact  cell  DNA  synthesis.  The  close  coirclaiiun 
between  the  effects  of  mercuric  ion  on  intact  ceil  DNA  syn¬ 
thesis  and  synihesome-mediated  In  vitro  DNA  replication 
over  the  time  frame  of  the  in  vitro  ossays  suggesu,  however, 
that  mercuric  ion  directly  affects  the  cellular  DNA  replica¬ 
tion  machinery. 

It  has  been  previously  repotted  that  loercuric  ion  Inhibits 
the  maiiunallon  DNA  polymerase  accivicy  prescat  in  whole- 
cell  extracts  or  in  purifled  enzyme  preparations  (IX^lliams  et 
al,,  198fi:  Robinson  etal.,  1984;  Rlvcdol  and  Saoner.  1981) ' 
ei  higher  concentrations  of  the  metai  (i.e.,  greater  Uion  10 
fM  mercuric  ion).  Our  observations  using  the  isolated  DNA 
synthesome  support  the  conclusions  of  these  researchers, 
while  further  clarifying  the  inhibitoty  and  mutagenic  effects 
of  mercuric  ion  on  the  intact  multiprotein  DNA  teplication 
machinery  of  the  cell.  Mercuric  Ion  significantly  inhibits 
synthesome-assrxriated  DNA  polymerase  acdvicy.  The  Inhi- 
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COBCMinq’ta  «f  Mtitufir  rill«ri<lt  (^) 

FIG.  4.  The  et'feei  of  a  range  of  mereurii;  chloride  lOfl  conceiurationi 
on  the  t'requeocjr  of  muiailont  created  during  DNA  (ymhe<eint-ffl«dwtsd 
III  rum  OSA  replication.  Racienai  eolonic!!  eapre.^sing  the  f7-galK(0tid*U 
gene  on  newly  replicated  pluinidi  Isolated  from  ONA  aymheioiM.tnadi* 
oted  lit  rum  ONA  replicotion  reiciiont  wen  (cored  w  deteribed  undar 
Materials  and  Methods.  The  number  of  inuunioni  hoimaiiy  produced  by 
the  ONA  aynthesome  during  the  m  ritm  ONA  replication  reaeiien  wea 
determined  by  conducting  oscayi  in  the  absence  or  mercuric  Ion  (4.4  k  10* 
tnutanit  per  2  x  10*  tfoniti'ormiuiR  ■  0.02^  muun»l.  and  the  value  mat 
uaed  to  calculate  (he  fold  increase  in  mutaiioni  created  by  the  ONA  synihe* 
some  during  in  rum  ONa  Kplicitioii  reactions  carried  out  in  the  preaenee 
of  merauric  chloride.  All  reactiont  were  normalircd  to  the  total  number  of 
transioimante  produced  by  a  lOOCb  mnsfecilon  efficiency  of  the  replicated 
DNA  from  eeeh  aaaey  condition. 


biiion  of  DNA  polymerase  acfivjiy  correlates  with  the  ob* 
served  effect  of  mercuric  ion  on  synthesome-mediated  m 
vitrn  DNA  replication,  as  well  us  the  ability  of  mercuric  ion 
to  decrease  intact  cell  DNA  synthesis.  Our  studies,  together 
with  the  earlier  reports  of  Williams  et  al.  (1986),  Robinson 
e!  ai  (1984).  and  Rlvedal  and  Sanner  (1981).  suggest  that 
mercuric  ion  (at  concentrations  obovc  10  /um)  actively  inhib- 
its  (he  elongation  stage  of  DNA  replication. 

Although  our  data  suggest  that  mercuric  ion  inhibits  DNA 
synthesis,  and  the  literature  reports  that  mercuric  ion  is  cytO' 
toxic  and  has  diverse  effects  on  cellular  function,  the  conecu- 
nations  at  which  these  effects  are  found  (greater  than  10  nm) 
are  greater  than  would  normally  be  found  physiologically 
(Iyengar  ei  al..  1987:  Nakada  and  Imura,  1980;  Zaichick  et 
of..  1 995),  Because  the  literature  repoas  that  clinical  cases 
involving  mercury  exposure  are  largely  due  to  CtUOfliC  expo* 
sure  of  the  individual  to  low  concentrations  of  mercuric  ion 
(Zaichick  et  al.,  1993),  we  also  investigated  the  effects  of 
low  concentrations  of  mercuric  ion  (2. 4, 8. 10  «M1  on  DNA 
replication  Odeiity.  Ry  utilising  the  purifled.  intact  multiprO' 
tein  DNA  replication  apparatus  of  the  ceil  (the  ONA  synthc- 
some)  we  were  able  to  detect  an  increase  in  the  number  of 
mutations  produced  by  the  synihesome  in  the  presence  of 
low  concentrations  Of  mercuric  ion.  The  results  presented  in 
this  paper  suggest  that  the  DNA  replication  machinery  of 
the  cell  has  a  role  in  mediating  the  observed  mutagenic 


potentiol  of  mercuric  ion  i  /Trira  and  Williams.  1990;  Christie 
el  al.,  19841  and  perhaps  the  cytotoxic  and  careinogenic 
effects  attributed  lu  chronic  exposure  of  paiient.s  tn  low  doses 
of  mercuric  ion  (Zaichick  cr  aL  1993).  Taken  together  our 
results  suggest  ihni  the  isolated  human  cell  DNA  synthesome 
may  be  a  novel  model  system  for  .studies  examining  how 
mercuric  ion.  and  potentially  other  heavy  metal  ions,  affect 
DNA  synihe.si.s. 
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ABSTRACT 


Little  definitive  information  has  emerged  to  sufficiently  describe  the  mechanism  by  which  mammalian 
chromosomal  DNA  is  replicated.  However,  it  is  becoming  more  apparent  that  intracellular  metabolism  does  not 
occur  by  random  collisions  between  soluble  enzymes  and  substrates  but  rather  is  mediated  by  the  action  of 
organized  multiprotein  complexes.  We  have  previously  reported  on  a  replication  competent  multiprotein  form  of 
DNA  polymerase,  subsequently  named  synthesome,  which  supports  in  vitro  simian  virus  40  (SV40)  DNA 
synthesis.  This  report  describes  our  most  recent  efforts  toward  defining  the  identity  or  function  of  several  new 
components  of  the  human  cell  DNA  synthesome. 

The  CsCl  equilibrium  sedimentation  data  together  with  the  limited  susceptibility  of  the  daughter  DNA 
duplexes  to  digestion  by  the  enzyme  Mbol  demonstrate  the  semi-conservative  mechanism  of  action  by  the 
synthesome  during  in  vitro  DNA  synthesis.  Based  upon  results  of  western  blot  analyses  and  strand  displacement 
assays,  it  was  observed  that  two  specific  DNA  helicases,  HDH  I  and  HDH  IV  co-purify  with  the  synthesome.  In 
addition,  it  was  predicted  that  the  synthesome  may  be  tied  to  the  mismatch  repair  process  and  this  was 
demonstrated  by  immunoblot  anah  sis  utilizing  the  postreplication  mismatch  repair  gene,  hMLHl.  These  results 
may  suggest  that  repair  can  occur  during  replication  and  that  there  is  some  benefit  to  coordination  of  progress  of 
the  replication  fork  and  removal  of  lesions.  Another  protein  thought  to  be  involved  in  active  DNA  processes  such 
as  replication,  transcription  or  repair  is  Ku.  It  was  demonstrated  that  the  Ku  protein  does  co-purify  along  with 
synthesome.  It  was  also  demonstrated  by  immunoblot  analysis  that  DNA  polymerase  e  co-ffactionates  and  thus 
can  be  included  as  a  new  component  of  the  synthesome.  However,  DNA  polymerase  b  was  not  found  to  co-purify 
with  the  mammalian  synthesome.  In  addition,  proteins  involved  with  transcription  and  nucleotide  excision  repair 
(NER),  such  as  RNA  polymerase  I,  TFIIH  and  the  excision  repair  XPA  protein,  do  not  co-purify  with  the 
synthesome.  This  suggests  that  transcription  and  NER  are  not  an  integral  part  of  the  synthesome. 

Further  characterization  of  the  human  cell  DNA  synthesome  will  increase  our  understanding  of  the 
molecular  mechanisms  involved  in  regulating  the  aetivity  of  the  DNA  replication  apparatus  and  potentially 
integrating  it  into  the  processes  of  both  DNA  replication  and  repair. 
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The  mechanisms  by  which  mammalian  chromosomal  DNA  replication  occurs  are  just  beginning  to  be 
described  and  understood.  Currently,  a  number  of  mammalian  proteins  have  been  identified  that  support  in  vitro 
DNA  synthesis  in  reconstituted  replication  systems,  and  some  data  exist  on  the  functional  association  of  several  of 
these  enz\Tnes  and  factors  (reviewed  in  Hickey  and  Malkas,  1997).  Concurrently  with  this  work  has  been  a 
growing  body  of  experimental  evidence  indicating  that  these  DNA  replication  proteins  and  factors  are  organized 
into  large  macromolecular  complexes  (Malkas  et  al.,  1990a;  Applegren  et  al.,  1995;  Wu  et  al.,  1994;  Coll  et  al., 
1996;  Tom  et  al.,  1996;  Lin  et  al.,  1997,  and  reviewed  in  Mathews  and  Slabaugh,  1986;  Reddy  and  Pager,  1993; 
Hickey  and  Malkas,  1997). 

The  proteins  thus  far  identified  and  shown  to  be  required  to  support  animal  cell  DNA  replication  using  in 
vitro  DNA  replication  systems  include;  DNA  polymerase  a-primase  complex  (Wobbe  et  al.,  1985;  Murakami  et 
al.,  1986),  DNA  polymerase  5  (So  and  Downey,  1988;  Lee  et  al.,  1989;  Weinberg  and  Kelly,  1989),  proliferating 
cell  nuclear  antigen  (PCNA)  (Prelich  et  al.,  1987;  Wold  et  al.,  1989;  Wobbe  et  al.,  1987),  RP-A  (Wobbe  et  al., 
1987;  Fairman  and  Stillman,  1988),  topoisomerases  I  and  II  (Yang  et  al.,  1987),  and  the  RF-C  protein  complex 
(Lee  et  al.,  1989;  Tsurimoto  and  Stillman,  1989).  These  proteins  represent  the  minimal  number  of  factors  needed 
to  drive  the  mammalian  DNA  replication  fork.  It  is  most  likely  that  there  are  a  number  of  other  human  cell 
proteins  which  are  required  to:  (1)  support  efficient  DNA  replication,  (2)  promote  the  initiation  of  human  cell 
DNA  synthesis,  (3)  maintain  DNA  replication  fidelity  and  DNA  repair,  (4)  permit  the  attachment  of  the 
replication  apparatus  to  the  nuclear  matrix,  and  (5)  precisely  regulate  all  of  these  functions  of  the  DNA 
replication  apparatus.  In  addition,  the  functional  organization  of  the  components  of  the  DNA  replication 
apparatus  has  not  been  adequately  defined,  nor  has  the  mechanism  by  which  these  proteins  act  in  concert  with  one 
another  to  efficiently  replicate  DNA. 

The  first  report  of  a  successful  isolation  of  a  fully  fiinctional  multiprotein  form  of  DNA  polymerase  a 
from  human  (HeLa)  cell  extracts  was  described  by  Malkas  et  al.  (1990b).  This  multiprotein  form  of  DNA 
polymerase  was  shown  to  be  fully  competent  for  supporting  origin-specific  and  large  T-antigen  dependent  SV40 
DNA  replication  in  vitro  (Malkas  et  al,  1990b).  This  replication-competent  multiprotein  form  of  DNA 
polymerase  was  isolated  using  several  biochemical  steps  of  purification  that  included  subcellular  fractionation, 
polyethylene  glycol  precipitation,  discontinuous  gradient  centrifugation,  Q-Sepharose  (Pharmacia) 
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chromatography,  and  velocity  density  gradient  centrifugation.  The  proteins  initially  found  to  co-purify’  with  the 
human  cell  multiprotein  form  of  DNA  polymerase  included;  DNA  polymerase  a,  DNA  primase,  topoisomerase  I 
and  PCNA  (Malkas  et  al.,  1990b).  Additional  enzymes  and  factors  were  subsequently  found  to  co-purif\'  with 
this  complex  and  include  DNA  polymerase  5,  DNA  ligase  I,  topoisomerase  II,  RF-C,  RP-A  and  a  DNA  helicase 
activity  (Applegren  et  al.,  1995).  Poly(ADP-ribose)  polymerase  (PARP)  has  also  been  identified  as  a  part  of  the 
complex  (Simbulan-Rosenthall  et  al.,  1996).  A  similar  replication-competent  multiprotein  form  of  DNA 
polymerase  was  also  isolated  from  mouse  cells  and  was  demonstrated  to  support  in  vitro  polyomavirus  DNA 
synthesis  (Wu  et  al.,  1994).  A  model  was  proposed  to  represent  the  structure  of  the  Multiprotein  DNA 
Replication  Complex  (MRC)  which  was  isolated  from  both  human  and  murine  cells.  This  model  is  based  upon 
the  observed  fractionation,  chromatographic,  and  sedimentation  profiles  of  the  individual  proteins  found  to  co- 
purify  with  the  complex  (Wu  et  al.,  1994;  Applegren  et  al.,  1995;  reviewed  in  Hickey  and  Malkas,  1997).  We 
recently  renamed  the  replication  complex  designating  it  the  DNA  synthesome  (Coll  et  al.,  1996;  Lin  et  al.,  1997, 
Hickey  and  Malkas,  1997).  This  was  done  to  differentiate  the  mammalian  cell  derived  complex  from  the 
previously  proposed  elongation  model,  the  replisome,  (reviewed  in  Komberg  and  Baker,  1992)  which  describes 
the  putative  superassembly  of  replication  factors  at  the  prokaryotic  replication  fork. 

Two  of  the  goals  of  this  laboratory  are  to  identify  all  of  the  protein  components  of  the  human  cell  DNA 
synthesome,  and  to  then  describe  how  these  proteins  act  in  concert  to  mediate  DNA  replication.  To  date,  the 
identity  and  function  of  approximately  half  of  these  proteins  have  been  determined.  In  this  report  we  describe  our 
most  recent  efforts  toward  defining  the  identity  and  function  of  several  new  components  of  the  human  cell  DNA 
synthesome.  We  also  report  here  for  the  first  time  results  of  experiments  evaluating  the  fidelity  of  the  replication 
mediated  by  the  synthesome,  and  further  verify  the  semi-conservative  mechanism  of  action  by  the  synthesome 
during  in  vitro  DNA  synthesis. 
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Experimental  Procedures 
Cell  Culture  and  Harvest 

Suspension  cultures  of  HeLa  cells  were  grown  in  Joklik's  modified  Eagle's  medium  supplemented  with 

5%  each  of  calf  and  fetal  bovine  serum.  Exponentially  growing  cells  (5x10^  cells/ml  of  medium)  were  harvested 
and  washed  three  times  with  phosphate-buffered  saline  (PBS);  8.4  mM  Na2HP04,  137  mM  NaCl,  2.7  mM  KCh 

1.5  mM  KH2PO4.  The  cells  were  then  pelleted  by  low-speed  centrifugation  (200  g,  5  min,  4°C).  The  cell  pellets 

were  stored  at  -80°C  prior  to  initiating  subcellular  fractionation. 

DNA  Synthesome  Preparation 

The  DNA  synthesome  was  isolated  from  HeLa  cells  using  previously  published  procedures  (Malkas  et 
al.,  1990b;  Applegren  et  al.,  1995)  and  outlined  in  Fig.  1. 

DNA  Helicase  Assay 

DNA  helicase  activity  was  assayed  according  to  published  procedures  (Bachur  et  al.,  1992;  Wu  et  al., 
1994;  Applegren  et  al.,  1995).  Human  DNA  helicase  antibodies  HDH  I  and  HDH  IV  (Tuteja  et  al.,  1990-1991) 
and  rabbit  pre-immune  sera,  purified  DNA  polymerase  a  or  SV40  large  T-antigen  antibodies  were  pre-incubated 
for  1  hour  at  4^C  before  addition  to  the  helicase  assay. 

SDS-Polyacrylamide  Gel  Electrophoresis  and  Immunoblotting 

Thirty  micrograms  of  each  of  the  various  described  protein  fractions  were  loaded  into  each  lane  of  the 
gels,  and  after  their  resolution  by  SDS-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  (Laemmli,  1970)  or  non¬ 
denaturing  gel  electrophoresis  (Native-PAGE)  (Tom,  et  al.,  1996)  the  resolved  proteins  were  electrophoreticalK 
transferred  to  nitrocellulose.  Immunodetection  was  carried  out  using  a  light-enhanced  chemiluminescence  (ECL) 
detection  system  according  to  the  manufacturer's  instructions  (Amersham,  Arlington  Heights,  IL).  The  anti-DNA 
polymerase  s  antibody  was  used  at  a  1:1000  dilution.  The  anti-polymerase  P  antibody  was  used  at  a  dilution  of 
1:1500.  HDH  I  and  IV  antibodies  were  used  at  dilutions  of  1:1000.  The  antibodies  anti-Ku  (Sigma),  anti- 
hMLHl  antibody  (Santa  Cruz  Biotechnology),  anti-XPA  antibody  (Santa  Cruz  Biotechnology),  anti-RNA 
Polymerase  II  antibody  (Santa  Cruz  Biotechnology),  anti-TFIIH  (Santa  Cruz  Biotechnology),  anti-Annexin  I  and 
anti-Annexin  II  (Transduction  Laboratories)  were  all  used  at  working  dilutions  of  1:1000.  The  appropriate 
species-specific  horseradish  peroxidase  conjugated  secondary’  antibodies  were  used  in  the  immunoblots  to  identify 
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the  bands  reactive  with  primarv’  antibodies.  Pre-stained  SDS-PAGE  molecular  size  markers  were  obtained  from 
the  Amersham  Corporation  (Arlington  Heights,  IL). 

Purification  of  SV40  Large  T-Antigen 

SV40  large  T-antigen  was  purified  from  human  293  cells  which  had  been  infected  with  the  recombinant 
adenovirus  vector  Ad-SVR284  via  immuno-affinity  chromatography  of  the  clarified  cell  lysate  using  an 
immobilized  protein  A  matrix  to  which  was  covalently  coupled  a  monoclonal  antibody  derived  from  the 
hybridoma  Pab  419.  This  monoclonal  antibody  is  reactive  against  the  SV40  large  T-antigen  (Simanis  and  Lane, 
1985). 

In  Vitro  SV40  DNA  Replication  Assay 

Assay  reaction  mixtures  (25  pi)  contained  80  mM  Tris-HCl,  pH  7.5;  7mM  MgCl2;  1  mM  DTT;  3-20  pg 

of  protein  fraction;  0. 5-1.0  pg  of  purified  SV40  large  T-antigen;  50  ng  of  plasmid  pSVO'''  containing  an  insert  of 
SV40  replication-origin  DNA  sequences  (Stillman  et  al.,  1985);  100  pM  each  dTTP,  dATP,  dGTP;  200  pM  each 
rCTP,  rGTP,  UTP;  4  mM  ATP;  25  pM  40  mM  creatine  phosphate;  1  pg  of  creatine  kinase.  The 

requirements  for  each  of  these  components  have  been  established  and  published  previously  (Applegren  et  al, 
1995).  The  standard  reaction  was  incubated  for  2  hours  at  35°C  or  for  the  length  of  time  indicated  in  the  Results. 
The  replication  assay  reaction  products  were  processed  using  DE81  filter  binding  to  quantify  the  amount  of 
radiolabel  incorporated  into  the  replication  products  (Sambrook  et  al.,  1989).  One  unit  of  SV40  replication 
activity  is  equal  to  the  incorporation  of  1  pmol  of  dNMP  into  SV40  DNA  per  2  hours  under  the  standard  assay 
condition. 

Analyses  of  DNA  Synthesome  Replication  Products 
(a)  Gel  Assays 

The  DNA  products  of  DNA  synthesome-driven  replication  reactions  were  precipitated  by  the  addition  of 
ammonium  acetate  to  2.5M,  followed  by  2.5  volumes  of  ethanol.  The  precipitation  was  carried  out  at  -20°C, 
overnight.  The  precipitated  DNA  was  pelleted  by  centrifugation  in  an  Eppendorf  centrifuge  for  30  minutes  at 
4°C,  and  the  pellet  DNA  was  then  washed  with  an  ice-cold  solution  of  70%  ethanol.  The  DNA  was  dried  in  a 
Speed-Vac,  resuspended  in  50  pi  of  TE  (10  mM  Tris  HCl  pH  7.5,  0.1  mM  EDTA),  and  digested  for  8  hours  with 
5  units  each  of  the  endonucleases  Mbol  and  Sail.  The  resulting  DNA  fragments  were  then  resolved  by 
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electrophoresis  at  2.5  V/cm  for  16  hours  through  a  neutral  1%  agarose  gel  containing  IX  TBE  (i.e.,  89  mM  Tris- 
borate,  1  mM  EDTA).  After  electrophoresis,  the  gels  were  dried  and  exposed  to  XAR5  (Kodak)  film. 

(b)  CsCl  density  gradient  analysis 

For  the  analysis  of  synthesome  DNA  products  by  CsCl  density  gradient  sedimentation,  the  in  vitro  DNA 
replication  reactions  were  performed  as  described  above  except  that  5-bromodeoxyuridine  triphosphate  (BrdUTP) 
(Sigma)  was  substituted  for  dTTP .  The  BrdUTP  was  added  fresh  at  the  initiation  of  the  replication  reaction  to  a 
final  concentration  of  100  pM.  For  the  preparation  of  non-BrdUTP -substituted  DNA  replication  products  in 
these  studies,  parallel  in  vitro  DNA  replication  reactions  were  performed  using  dTTP.  After  incubation  of  the 
replication  reaction,  the  DNA  products  were  phenol-extracted  and  precipitated  twice  in  ethanol.  The  DNA 
products  were  then  subjected  to  gel  filtration  chromatography  using  a  1  ml  column  of  TE-400  Sephadex 
(Clontech  Laboratories,  Inc.)  to  remove  unincorporated  nucleotides.  The  DNA  products  were  precipitated  in 
ethanol,  and  linearized  by  digestion  with  Sail  (NEB)  for  two  hours  at  37°C.  The  DNA  products  were 
subsequently  analyzed  by  CsCl  equilibrium  centrifugation  under  neutral  conditions  (Epner  et  al.,  1981).  The 
DNA  products  were  loaded  directly  onto  the  gradients  with  an  initial  refractive  index  of  1.403.  The  CsCl 
gradients  were  subjected  to  centrifugation  in  a  Beckman  NVT90  rotor  for  48  hours  at  55,000  rpm.  The  gradient 
was  divided  into  30  fractions  beginning  at  the  top.  The  CsCl  density  for  each  gradient  fraction  was  calculated 
from  its  refractive  index  as  measured  on  a  Bausch  and  Lombe  refractometer.  Aliquots  of  60  pi  were  taken  from 
each  CsCl  gradient  fraction  and  subjected  to  Cerenkov  counting  using  a  liquid  scintillation  counter. 

Forward  Mutagenesis  Assay:  Transfection  and  Plating. 

To  measure  the  spontaneous  mutation  frequency  created  during  DNA  synthesome  mediated  in  vitro 
replication  a  fidelity  assay  described  by  Sekowski  et  al.  (1997),  was  used.  Because  the  background  mutation 
frequency  for  a  laeZa  forward  mutation  assay  employing  M13  phage  DNA  is  typically  2-5  x  1 0*4  we  have 
chosen  a  plasmid  DNA  template,  (i.e.,  pBK-CMV),  for  which  we  have  measured  a  spontaneous  mutation 
frequency  that  is  less  than  1  per  5.0  x  10^  colonies  examined  (Sekowski  et  al.,  1997). 

The  in  vitro  replicated  pBK-CMV  DNA  template  was  used  to  transfect  the  E.  coli  host  XL  1 -Blue  MRF' 
following  digestion  of  the  parental  template  DNA  with  Dpnl.  Electrocompetent  bacteria  (XL  1 -Blue  MRF')  (60ul) 
were  mixed  with  approximately  100-200  ng  of  the  newly  replicated  pBK-CMV  DNA  (lOul)  isolated  from  the  in 
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vitro  DNA  replication  reaction,  incubated  on  ice  for  10  minutes,  and  subjected  to  electroporation  using  a  BioRad 
electroporator.  The  electroporation  was  adjusted  to  1.4  kV,  25  uF,  200  Ohms.  Immediately  following 
electroporation,  1  ml  of  chilled  sterile  SOC  buffer  (20mM  glucose  in  LB  media)  was  added  to  the  cuvette.  The 
electroporated  mixture  was  then  incubated  in  a  rotary  shaker  (250rpm)  at  37°C  for  1  hour.  An  amount  of  the 
culture  sufficient  to  yield  1000-2000  bacterial  colonies  per  plate  was  plated  onto  20  ml  LB  agar  containing  0.5 
mg/ml  kanamycin,  25  pg/ml  IPTG  and  25  pg/ml  X-gal.  These  plating  conditions  allow  the  E.  coli  containing 
wild-type  plasmid  to  express  an  intense  blue  phenotype.  These  plating  conditions  facilitate  the  visualization  of 
various  mutant  phenotypes.  The  color  of  the  mutant  colonies  range  from  white  to  an  intermediate  shade  of  blue, 
while  the  wild  type  colonies  are  a  deep  blue-green  color. 

Scoring  of  Mutants. 

The  inactivation  of  the  a-complementation  gene  (the  product  of  which  is  the  catalytic  subunit  of  P- 
galactosidase)  due  to  a  mutation  in  the  lacZa  gene  contained  in  pBK-CMV  yields  a  variety  of  mutant  phenotypes 
when  expressed  in  E.  Coli  strain  XLl  Blue  MRF'.  The  mutant  phenotypes  were  scored  on  agar  plates  incubated 
approximately  12-15  hours  at  37°C.  Using  the  plating  conditions  described  above,  expression  of  the  wild-type 
pBK-CMV  DNA  in  the  E.  Coli  host  generates  a  dark  blue  bacterial  colony.  Bacterial  colonies  expressing  the 
mutated  pBK-CMV  plasmid  express  an  altered  p-galactosidase  gene  which  can  be  distinguished  from  those 
colonies  expressing  the  wild  type  plasmid  by  their  light  blue  to  yellowish  white  color  phenotypes.  In  order  to 
reproducibly  and  precisely  score  the  variable  mutant  phenotypes,  only  the  pure  white  colonies  (i.e.  colonies 
lacking  any  trace  of  blue  or  green  color)  were  scored  as  mutant.  The  light  blue  colonies  comprise  25%  (+/-  2%) 
of  the  total  number  of  colonies. 
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Results 


Human  cell  DNA  synthesome-driven  in  vitro  DNA  replication  is  semi-conservative  and  does  not  readily  re¬ 
initiate. 

It  was  previously  demonstrated  by  Malkas  et  al.  (1990b)  that  the  majority  of  the  SV40  replication 
products  synthesized  by  the  DNA  synthesome  are  resistant  to  digestion  by  the  endonuclease  DpnI.  This  result 
suggested  that  the  synthesome  mediates  DNA  replication  by  a  semi-conservative  replication  mechanism. 

To  further  verify  that  the  replication  products  synthesized  by  the  human  cell  DNA  synthesome  were  the 
result  of  semi-conservative  DNA  replication,  in  vitro  DNA  replication  reactions  were  performed  as  described  in 
the  Methods  except  that  BrdUTP  was  substituted  in  place  of  dTTP.  The  replication  products  were  analyzed  by 
isopycnic  centrifugation  as  described  in  the  Methods.  Figure  2  shows  a  typical  sedimentation  profile  for  the 
replication  products.  It  was  observed  that  the  majority  of  the  products  of  the  in  vitro  DNA  replication  reaction 
sediment  to  the  CsCl  density  expected  for  DNA  molecules  in  which  only  one  strand  of  the  daughter  DNA  duplex 
has  been  fiilly  substituted  with  BrdUMP,  (designated  the  HL  (heavy-light)  DNA  duplex).  As  expected,  all  of  the 
DNA  synthesome  replication  products  synthesized  in  the  presence  of  dTMP  sedimented  as  LL  (light-light)  DNA 
duplexes.  The  minimal  level  of  DNA  synthesome  replication  products  containing  BrdUMP  incorporated  into  both 
strands  of  the  daughter  DNA  duplex  (i.  e.,  -  a  heavy-heavy  (HH)  DNA  duplex)  suggests  that  the  in  vitro  initiation 
of  DNA  synthesome-mediated  initiation  of  replication  of  the  pSVO'*’  plasmid  DNA  occurs  only  once,  with  ver>- 
few  additional  rounds  of  replication  taking  place. 

The  premise  that  DNA  synthesome-mediated  in  vitro  DNA  synthesis  does  not  readily  support  the  re¬ 
initiation  of  replication  in  new  daughter  DNA  molecules  is  supported  by  studies  examining  the  sensitivity  of  the 
DNA  products  to  the  endonuclease  Mbol.  The  restriction  enzyme  Mbol  cleaves  at  an  unmethylated  recognition 
sequence  but  not  the  fully  methylated  or  hemi-methylated  recognition  sequence.  The  input  parental  plasmid  DNA 
used  in  our  in  vitro  DNA  replication  reaction  is  fiilly  methylated  (i.e.,  methylated  on  both  DNA  strands  of  the 
double  helix)  by  the  bacterial  methylase  which  is  present  in  the  bacteria  used  to  amplify  the  plasmid  DNA.  Since 
human  cells  lack  an  equivalent  activity,  one  round  of  semi-conservative  DNA  synthesis  will  yield  a  hemi- 
methylated  daughter  DNA  molecule.  Additional  rounds  of  DNA  replication  will  yield  daughter  DNA  molecules 
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which  are  unmethylated  on  both  strands  of  the  DNA  duplex.  In  these  studies  the  treatment  of  the  products  of  the 
synthesome-driven  in  vitro  DNA  replication  reaction  with  Mbol  demonstrates  that  only  a  minor  fraction  (i.e,, 
<20%)  of  the  newly  synthesized  DNA  product  was  re-replicated,  yielding  Mbol  sensitive  fragments  (Fig.  3).  The 
fraction  of  the  DNA  replication  products  that  were  cleaved  by  this  enzyme  yielded  fragments  that  were 
heterogeneous  in  size  and  these  fragments  migrated  as  a  background  haze.  The  band  intensities  of  the  daughter 
DNA  molecules  replicated  only  once  were  compared  by  scanning  densitometry.  The  Mbol  sensitive  products 
comprised  approximately  19%  of  the  newly  replicated  DNA.  Since  the  majority  of  the  products  formed  during 
the  in  vitro  DNA  replication  reaction  were  resistant  to  digestion  by  Mbol,  our  results  indicate  that  the  DNA 
synthesome  initiates  essentially  only  one  round  of  DNA  replication  in  vitro. 

Fidelity  of  HeLa  Cell  DNA  Synthesome  DNA  Replication. 

A  forward  mutagenesis  assay  (Sekowski  et  al.  1997)  was  utilized  to  test  the  fidelity  of  the  DNA 
replication  reaction  mediated  by  the  HeLa  cell  DNA  synthesome.  We  observed  that  the  DNA  synthesome 
mediated  in  vitro  DNA  replication  reaction  had  an  intermediate  level  of  fidelity  between  that  exhibited  by  purified 
human  DNA  polymerases  and  that  exhibited  by  whole  human  cell  extracts.  Using  the  HeLa  cell  DNA 
synthesome,  we  report  that  4.5  x  10"^  =  0.02%  (#  mutant  (white)  colonies/total  transformed  colonies)  expressed 
detectable  mutations  in  the  replicated  {Dpnl  resistant)  template  DNA  (Table  1). 

The  DNA  synthesome  contains  two  different  helicase  activities. 

Previously,  DNA  helicase  activity  was  found  to  co-purify  with  the  replication-competent  human  cell 
DNA  synthesome  (Applegren  et  al.,  1995),  as  well  as  that  isolated  from  mouse  cells  (Wu  et  al.,  1994).  We  now 
report  that  the  DNA  synthesome  helicase  activity  is  composed  of  at  least  two  different  DNA  helicases.  These 
helicases  are  the  previously  described  HDH  I  and  HDH  IV  (Tuteja  et  al.,  1990-1991).  The  identity  of  the 
synthesome  DNA  helicases  was  determined  by  both  Western  blot  and  enzymatic  activity  analyses. 

Immunoblot  analysis  was  performed  on  different  HeLa  cell  protein  fractions  derived  during  the  isolation 
of  the  DNA  synthesome  using  antibodies  directed  against  human  DNA  helicases  (HDH)  I  and  FV  (Fig.  4).  It  was 
observed  that  these  specific  human  helicases  co-purify  with  the  synthesome-enriched  protein  fractions.  Both 
helicases  were  found  to  be  contained  in  the  P-4,  Q-Sepharose  peak  (QS)  and  the  sucrose  gradient  peak  (SG) 
fractions  (Fig.  1).  It  has  been  previously  shown  that  the  synthesome  is  enriched  in  these  protein  fractions  (Malkas 
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et  al..  1990b;  Applegren  et  al.,  1995;  Tom  et  al.,  to  be  published  elsewhere).  Although  these  helicases  can  also  be 
found  in  the  replication  poor  S-4  fraction  (Malkas  et  al.,  1990b),  they  were  observed  to  exclusively  co-purify  with 
the  DNA  synthesome  following  Q-Sepharose  column  chromatographv  and  sucrose  gradient  sedimentation.  These 
helicase  proteins  were  not  detectable  in  the  combined  Q-Sepharose  flow-through  and  wash  fractions. 

Helicase  activity  analysis  of  the  DNA  synthesome  using  the  antibodies  directed  against  HDH  I  and  HDH 
IV  was  performed  (Fig.  5).  Using  a  strand  displacement  assay  (Methods),  it  was  observed  that  both  of  the 
helicase  antibodies  were  able  to  inhibit  a  significant  amount  of  the  endogenous  synthesome  helicase  activity  (Fig. 
5).  However,  antibodies  derived  from  antigen  naive  rabbits,  or  antibodies  direct  against  purified  DNA 
poKmerase  a  or  the  SV40  large  T-antigen  were  found  to  have  no  detectable  inhibitor\'  affect  on  the  synthesome 
helicase  activity  (Fig.  5). 

Several  proteins  that  play  a  role  in  DNA  repair  co-purily  with  the  human  cell  DNA  synthesome. 

Several  proteins  found  to  co-purify  with  the  replication-competent  DNA  synthesome  have  been  previousK' 
described  to  be  involved  in  repair.  There  is  an  extensive  literature  reporting  that  DNA  polymerases  a  and  5,  RP- 
A,  PCNA,  RF-C,  PARP  and  DNA  ligase  I  participate  in  certain  types  of  human  cell  DNA  repair  (Coverley  et  al., 
1991,  1992;  Dresler  and  Frattini,  1986;  Podust  et  al.,  1992;  Shivji  et  al.,  1995;  Wang,  1991;  Zeng  et  al.,  1994). 
To  begin  to  explore  the  possible  link  between  DNA  synthesome  mediated  DNA  replication  and  the  DNA  repair 
process  in  human  cells,  we  performed  studies  to  determine  whether  several  other  DNA  repair  associated  proteins 
co-purified  with  the  human  cell  DNA  synthesome. 

The  mismatch  repair  protein,  hMLHl,  was  found  to  co-purify  with  the  replication-competent  DNA 
synthesome  (Fig.  6,  panel  B).  SDS-PAGE  and  immunoblot  analysis  using  an  antibody  directed  against  hMLHl 
were  performed  on  protein  fractions  derived  during  the  course  of  synthesome  isolation.  The  hMLHl  protein  was 
observed  to  co-purify  with  the  replication-competent  synthesome  following  chromatography  on  Q-Sepharose  (QS 
peak)  and  sedimentation  through  sucrose  density  gradients  (SG  fraction)  (Fig.  6,  panel  B). 

The  DNA  binding  protein  Ku  along  with  DNA-Protein  Kinase  (DNA-PK)  has  been  suggested  to  have  a 
role  in  the  detection  and/or  repair  of  DNA  damage.  The  Ku  protein  has  also  been  implicated  in  many  other 
processes  such  as  cell  signaling  (Prabhakar  et  al.,  1990)  and  DNA  replication  (Stuvier  et  al.,  1990).  To  evaluate 
whether  the  Ku  protein  co-purified  with  the  human  cell  DNA  synthesome,  immunoblot  analyses  of  the  protein 
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fractions  derived  in  the  course  of  the  synthesome  isolation  were  performed  (Fig.  6,  panel  A).  Ku  protein  was 
found  to  exclusively  co-purify  with  DNA  synthesome  enriched  protein  fractions  (i.e.,  P-4,  QS  peak  and  SG)  (Fig. 
6,  panel  A).  Little  detectable  Ku  protein  was  found  in  the  synthesome  poor  S-4  and  QS  flow-through  and  wash 
fractions. 

Similar  to  our  observations  with  the  hMLHl  and  Ku  proteins  we  have  found  that  DNA  polymerase  s  co- 
purifies  with  the  HeLa  cell  DNA  synthesome  (Fig.  6,  panel  C).  DNA  polymerase  e  has  also  been  implicated  in 
DNA  repair  (Coverley  et  al.,  1992;  Nishida  et  al.,  1988).  Immunoblot  analyses  of  the  P-4,  QS  peak,  S-4,  QS 
flow  through  and  SG  peak  fractions  were  performed  using  an  antibody  prepared  against  DNA  pohmerase  e 
(Syvaoja  et  al.,  1990).  DNA  polymerase  s  was  found  to  exclusively  co-purify  with  the  replication  competent 
DNA  synthesome  in  the  P-4,  QS  peak  and  SG  peak  fractions  (Fig.  6,  panel  C).  The  DNA  polymerase  e 
polypeptide  was  not  detectable  in  the  replication  poor  S-4  and  Q-Sepharose  flow-through  fractions.  These  results 
with  DNA  polymerase  e  are  similar  to  those  most  recently  reported  for  the  purification  of  the  synthesome  from 
human  breast  cell  lines  and  breast  tissue  (Coll  et  al.,  1996). 

When  the  protein  fractions  derived  during  the  course  of  purification  of  the  HeLa  cell  DNA  synthesome 
were  examined  for  the  presence  of  two  other  proteins  involved  in  DNA  repair,  (i.e.,  DNA  polymerase  P  and  the 
xeroderma  pigmentosum  group  A  protein  (XPA)),  it  was  observed  that  these  proteins  were  not  associated  with  the 
DNA  synthesome  and  purified  away  from  the  DNA  synthesome  (Fig.  6,  panels  D  and  E).  Monoclonal  antibod}’ 
directed  against  DNA  polymerase  P  (Jenkins  et  al.,  1992)  was  used  to  probe  the  human  cell  homogenate,  NE-S- 
3,  PEG  NE-S-3,  P-4,  QS  peak,  S-4,  QS  Flow  Through  and  SG  peak  fractions.  The  results  of  our  immunoblot 
analysis  indicate  that  DNA  polymerase  P  did  not  co-purify  with  the  synthesome  (Fig.  6,  panel  D).  DNA 
polymerase  p  was  found  in  the  homogenate  and  NE-S-3  fraction  (Fig.  6,  panel  D).  However,  DNA  polymerase  p 
is  not  observed  in  the  PEG  NE/S-3,  S-4,  P-4,  QS  peak  or  SG  fractions.  These  results  indicate  that  the  DNA 
polymerase  p  observed  in  the  whole  cell  homogenate  partitions  to  the  NE-S-3  step  of  the  fractionation  scheme 
(Fig.  1)  but  is  resolved  from  the  DNA  synthesome  following  precipitation  of  the  NE-S-3  fraction  with 
polyethylene  glycol. 

Similarly,  immunoblot  analysis  using  antibody  directed  against  the  human  XPA  protein  (Oncogen 
sciences),  which  is  a  protein  required  during  the  incision  step  of  nucleotide  excision  repair  process  (NER)  (Li  et 
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al.,  1995)  revealed  that  the  XPA  protein  partitions  with  the  homogenate,  NE-S-3,  P-4,  and  S-4  fractions  but  is 
resolved  from  the  synthesome  during  ion  exchange  chromatography  over  Q-Sepharose  (Fig.  6,  panel  E). 

The  Mammalian  Cell  RNA  Transcription  Apparatus  Does  Not  Co-purify  with  the  DNA  Synthesome. 

It  has  been  suggested  in  the  literature  that  the  mammalian  cell  RNA  transcription  and  DNA  replication 
machiner}’  may  interact  in  some  marmer  with  the  DNA  replication  apparatus  (Echols,  1986;  Sancar,  1995).  To 
determine  whether  polypeptides  responsible  for  mediating  RNA  transcription  co-purified  with  the  human  DNA 
synthesome,  we  analyzed  the  protein  fractions  derived  throughout  the  course  of  the  synthesome  purification  for 
the  presence  of  the  RNA  polymerase  II  holoenzyme  (Barberis  et  al.,  1995;  reviewed  by  Carey,  1995).  Utilizing 
an  antibody  directed  against  RNA  polymerase  II  (Santa  Cruz  Biotechnology)  the  homogenate,  NE-S-3,  P-4,  QS 
Peak,  QS  Flow-Through  and  SG  Peak  protein  fractions  (Fig.  1)  were  probed  for  the  RNA  polymerase  II 
holoenzyme  (Fig.  8),  RNA  polymerase  II  was  not  observed  to  co-purify  with  the  DNA  synthesome  but  readily 
partitioned  away  from  the  synthesome  (Fig.  8)  during  the  initial  differential  centrifugation  steps  used  in  the 
replication  complex  purification  protocol. 

Similar  to  observations  regarding  the  RNA  polymerase  II  holoenzyme,  we  also  observed  that  the 
transcription  factor  TFIIH  does  not  co-purify  with  the  DNA  synthesome.  TFIIH  is  a  multiprotein  complex 
composed  of  at  least  five  polypeptides.  It  is  capable  of  phosphorylating  RNA  polymerase  II  and  is  involved  in  the 
activation  of  the  pre-initiation  complex  for  transcription  (Zawel  and  Reinberg,  1995).  This  protein  has  also  been 
shown  to  participate  in  the  nucleotide  excision  repair  process  in  human  cells  (Schaeffer  et  al.,  1993).  An  antibody 
directed  against  the  TFIIH  protein  (Santa  Cruz  Biotechnology)  was  used  to  probe  the  protein  fractions  isolated 
during  the  purification  of  the  DNA  synthesome.  As  observed  with  RNA  polymerase  II  holoenzyme,  TFIIH  was 
found  to  purify  away  from  the  protein  fractions  containing  the  DNA  synthesome  during  the  initial  differential 
centrifugation  steps  of  the  purification  protocol,  (data  not  shown). 

Annexins  Do  Not  Co-Purify  with  the  DNA  Synthesome. 

Previous  reports  in  the  literature  abound  concerning  proteins  and  factors  that  co-purify  with  putative  high 
molecular  weight  replication  complexes.  Immunoblot  analyses  were  initiated  to  determine  if  two  members  of  a 
family  of  phospholipid  and  actin  binding  proteins,  Annexin  I  and  II,  are  able  to  co-fractionate  with  the  DNA 
synthesome.  These  proteins  have  been  implicated  to  have  a  role  during  in  differentiation,  cell  proliferation  and 
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carcinogenesis  (Gupta  et  al.,  1984;  Schlaepfer  and  Haigler,  1990;  Frohlich  et  al.,  1990),  and  they  have  been 
reported  to  co-purify  with  the  multiprotein  DNA  polymerase  isolated  from  HeLa  cells  and  affect  its  activity, 
(Kumble  and  Vishwanatha,  1991).  Antibodies  directed  against  both  Annexin  I  and  II  (Transduction  Laboratories) 
were  used  to  probe  the  protein  fractions  derived  during  the  course  of  DNA  synthesome  purification.  Annexin  I 
and  II  polypeptides  were  observed  in  the  homogenate  fraction  but  were  absent  in  the  replication  competent  QS 
peak  and  SG  peak  fractions  containing  the  DNA  synthesome,  (Fig.  8). 

Discussion 

The  DNA  Synthesome  Mediates  Semi-conservative  DNA  Replication 

Mammalian  cell  proliferation  is  a  highly  regulated  process  with  multiple  levels  of  control  that  affect  a 
variety  of  essential  cell  functions.  With  the  advent  of  the  SV40  in  vitxo  DNA  replication  system  (Li  and  KelK  , 
1984)  there  is  now'  an  accumulation  of  evidence  regarding  the  existence  of  functional  multiprotein  complexes  for 
DNA  synthesis  in  eukaryotes  (reviewed  in  Hickey  and  Malkas,  1997).  Studies  were  conducted  utilizing  the  DNA 
synthesome-driven  SV40  in  vitro  replication  system  in  order  to  determine  if  the  DNA  molecules  containing  the 
SV40  origin  of  replication  support  the  semi-conservative  synthesis  of  complete  daughter  DNA  strands. 

The  semi-conservative  replication  of  SV40  DNA  templates  in  vitro  are  expected  to  yield  hemi-methylated 
or  unmethylated  DNA  molecules  that  are  resistant  to  Dpnl  digestion  (Vovis  and  Lacks,  1977).  It  was  previousK' 
demonstrated  that  the  DNA  replication  products  formed  during  DNA  synthesome  mediated  in  vitro  DNA 
replication  are  Dpnl  resistant.  This  indicates  that  he  DNA  template  used  in  the  in  vitro  assay  had  undergone  at 
least  one  round  of  semi-conservative  replication  (Malkas  et  al.,  1990b).  To  determine  whether  the  DNA  template 
and  replication  assay  products  could  support  multiple  rounds  of  replication  we  digested  the  SV40  DNA 
replication  products  with  the  restriction  endonuclease  Mbol.  This  enzyme  cleaves  only  fully  unmethylated  DNA. 
Because  the  template  DNA  used  in  the  assay  is  fully  methylated,  only  molecules  having  undergone  two  rounds  of 
replication  will  be  digested  by  Mbol.  Similar  to  reports  by  others,  only  a  minor  fraction  of  the  newly  replicated 
DNA  molecules  supported  a  second  round  of  replication.  This  result  indicated  that  only  a  small  number  of  the 
daughter  DNA  duplexes  underwent  two  rounds  of  replication. 
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To  rule  out  the  possibility  that  in  vitro  DNA  synthesis  mediated  by  the  DNA  synthesome  represented 
repair  synthesis  at  nicks  or  gaps  in  the  parental  DNA  template  molecule,  DNA  replication  reactions  were 
performed  containing  5-BrdUTP  in  place  of  dTTP.  The  DNA  products  were  then  analyzed  by  CsCl  equilibrium 
centrifugation.  If  the  BrdUMP  incorporation  was  due  to  repair  of  the  input  parental  DNA,  the  amount 
incorporated  into  the  DNA  molecules  would  not  be  sufficient  to  cause  a  specific  and  significant  density  shift 
(Meselson  et  al.,  1958).  Under  neutral  conditions,  essentially  all  of  the  newly  synthesized  daughter  DNA 
molecules  in  our  study  were  observed  to  have  a  density  expected  for  that  of  a  semi-conservatively  replicated  DNA 
in  which  the  daughter  strand  incorporated  BrdUMP.  In  addition,  the  absence  of  detectable  amounts  of  BrdUMP 
substituted  into  both  strands  of  the  daughter  DNA  duplexes  suggests  that  the  majority  of  DNA  molecules  only 
undergo  a  single  round  of  DNA  replication  in  the  synthesome-driven  system.  These  results  reflect  those  found  for 
in  vitro  DNA  replication  in  crude  extracts,  namely  that  only  a  small  proportion  of  the  parental  DNA  template 
molecules  actually  re-initiate  DNA  replication  in  vitro  (Stillman  and  Gluzman,  1985;  Li  and  Kelly,  1984).  These 
CsCl  equilibrium  sedimentation  data  together  with  the  limited  susceptibility  of  the  daughter  DNA  duplexes  to 
digestion  by  the  enz\me  Mbol  indicate  that  the  DNA  products  formed  by  the  DNA  synthesome  are  the  result  of 
semi-conservative  svnthesis. 

The  Fidelity  of  Synthesome-mediated  In  Vitro  DNA  Replication. 

The  close  relationship  of  the  two  cellular  processes  of  DNA  replication  and  DNA  repair  is  illustrated  by 
the  recognition  and/or  maintenance  of  a  subset  of  proteins  utilized  by  both  processes.  These  proteins  include 
DNA  polymerases  a  and  5,  PARP,  DNA  ligase  I,  RP-A,  PCNA,  RFC  and  DNA  helicase  (Coverley  et  al.,  1991, 
1992;  Dresler  and  Frattini,  1986;  Podust  et  al.,  1992;  Shivji  et  al.,  1995;  Wang,  1991;  Zeng  et  al.,  1994).  The 
observations  of  these  individuals  suggest  that  there  may  be  a  direct  link  between  the  apparatus  that  controls  and 
carries-out  DNA  replication  and  the  apparatus  that  mediates  DNA  repair.  The  high  degree  with  which  these 
proteins  have  been  conserved  across  evolutionary  lines  suggests  that  the  two  processes  may  work  in  concert  to 
maintain  the  fidelity  of  the  genome  and  regulate  the  mutation  frequency  at  a  level  required  to  sustain  or  promote 
evolution.  The  high  degree  of  accuracy  of  the  DNA  replication  process  must  occur  through  the  active 
participation  of  the  DNA  replication  enzymies  (polymerases)  and/or  other  cellular  factors  (DNA  repair  enzymes) 
to  either  enhance  base  selection  or  remove  errors  before  they  become  fixed  in  the  genome. 
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Our  forward  mutagenesis  assay  was  utilized  to  test  the  fidelity  of  DNA  replication  mediated  by  the  HeLa 
DNA  synthesome.  The  data  demonstrated  an  intermediate  level  of  fidelity  when  compared  to  studies  using 
purified  human  DNA  polymerase-primase  or  HeLa  whole  cell  extracts  Roberts  and  Kunkel,  (1988).  The  fidelit\’ 
of  the  DNA  synthesome-mediated  in  vitro  DNA  replication  process  may  be  directly  compared  to  the  polymerase- 
primase  and  HeLa  cell  extract  fidelity  results  of  Roberts  and  Kunkel  (1988)  by  using  the  equation  described  in 
Table  1.  In  contrast  to  Kunkel's  fidelity  assay  in  crude  cell  extracts,  our  forward  mutagenesis  assay  using  the 
DNA  synthesome  is  capable  of  providing  a  measurement  of  the  fidelity  of  DNA  replication  in  the  absence  of 
competing  biological  processes.  Therefore,  we  believe  our  forward  mutagenesis  assay  may  provide  a  more 
accurate  estimate  of  DNA  replication  fidelity. 

It  has  been  suggested  that  the  fidelity  of  cellular  DNA  replication  process  is  approximately  three  orders  of 
magnitude  higher  than  the  fidelity  of  DNA  synthesis  mediated  by  purified  DNA  polymerase  enzymes.  This 
increase  in  fidelity  has  been  attributed  to  post-replication  mismatch  repair  of  the  replicated  DNA  (Modrich, 
1991),  Because  the  human  cell  DNA  synthesome  has  demonstrated  a  higher  level  of  replication  fidelitv'  than  that 
reported  for  isolated  DNA  polymerases,  it  appears  that  the  synthesome  may  be  capable  of  carrying  out  critical 
proofreading  or  DNA  mismatch  repair  functions.  While  the  DNA  replication  fidelity  of  the  human  cell  extracts 
appears  to  be  higher  than  was  found  for  the  isolated  DNA  synthesome,  the  whole  cell  extract  potentially  contains 
many  accessory  proteins  or  factors  that  may  alter  the  post  replication  repair  process.  Our  observations  and  those 
reported  by  Kunkel's  group  reinforce  the  idea  that  the  maintenance  of  high  fideliU'  DNA  synthesis  and  repair 
requires  at  least  some  of  the  proteins  used  during  the  DNA  replication  process. 

Several  New  Components  of  the  DNA  Synthesome  Are  Identified. 

As  an  initial  step  toward  determining  whether  a  known  DNA  mismatch  repair  protein  may  be  associated 
with  the  DNA  synthesome,  we  chose  to  study  the  hMLHl  protein  (Modrich,  1989,1991).  The  hMLHl  protein  is 
the  human  homolog  of  the  bacterial  mutL  protein,  a  member  of  the  highly  conserved  family  of  post-replication 
mismatch  repair  proteins.  Immunoblot  analyses  demonstrated  that  hMLHl  co-ffactionates  with  other  proteins 
composing  the  core  of  the  DNA  synthesome.  This  co-ffactionation  may  be  indicative  of  a  direct  interaction 
between  the  replication  protein  components  of  this  replication  complex  which  are  physically  associated  with  the 
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newly  synthesized  DNA  strand  and  the  DNA  mismatch  repair  process.  Therefore,  the  DNA  synthesis  and 
mismatch  repair  proteins  may  work  in  concert  to  maintain  the  high  fidelity  of  the  DNA  replication  process. 
Further  studies  are  undenvay  to  identify  the  presence  of  other  repair  proteins  which  may  be  associated  with  the 
DNA  synthesome  and  to  examine  the  role  that  the  synthesome  may  play  in  the  mismatch  repair  process. 

The  synthesis  of  daughter  DNA,  as  well  as  the  repair,  transcription  and  recombination  processes,  require 
a  transient  unwinding  of  the  DNA  double  helix.  The  DNA  helicases  are  responsible  for  unwinding  the  DNA  helix 
during  the  replication  and  repair  of  DNA,  and  during  the  transcription  process  helicases  catalyze  DNA  unwinding 
and  translocation  by  coupling  the  energy  derived  from  hydrolysis  of  nucleoside  5 '-triphosphates  (NTP  or  dNTP) 
to  the  proccssivity  of  the  helicase  enzyme,  (Geider  and  Hoffmann,  1981).  This  analysis  has  identified  several 
additional  components  of  the  DNA  synthesome  and  two  of  these  are  specific  DNA  helicases  (HDH  I  and  IV). 
Tuteja  et  al.  (1990-1991)  have  reported  the  existence  and  purification  of  five  different  HeLa  cell  DNA  helicases. 
Two  of  these  purified  enzymes  isolated  from  nuclear  extracts  have  been  designated  human  DNA  helicases  HDH  I 
and  IV  (Tuteja  ct  al.,  1990-1991).  HDH  I  is  a  65  kDa  protein  that  exhibits  a  3'  to  5'  directional  unwinding 
polarity,  while  HDHIV  is  a  100  kDa  protein  that  exhibits  a  5’  to  3'  polarity.  We  suggest  that  these  synthesome 
associated  DNA  helicases  may  promote  the  melting  of  parental  DNA  strands  during  the  DNA  replication  reaction, 
and  permit  access  of  the  elongation  components  of  the  synthesome  to  the  DNA.  Based  upon  the  results  of  our 
Western  blot  and  antibody  neutralization  analyses,  the  model  proposed  for  the  human  cell  DNA  synthesome  (Wu 
et  al.,  1994;  Applegren  et  al.,  1995)  can  now  be  extended  to  include  these  two  DNA  helicase  activities. 

We  are  particularly  interested  in  identifying  human  cell  DNA  helicases  that  are  involved  in  origin 
activation  and  possibly  performing  functions  analogous  to  those  of  the  helicase  associated  with  the  large  T- 
antigens  of  SV40  and  polyomavirus  (Stahl  and  Knippers,  1987;  Goetz  et  al.,  1988;  and  Seki  et  al.,  1990).  More 
in  depth  studies  on  the  roles  that  HDH  I  and  IV  play  in  DNA  synthesome-mediated  DNA  replication,  are 
underway  to  establish  whether  these  enzymes,  are  involved  in:  1)  initiating  replication  at  the  origin,  and/or  2) 
mediating  replication  fork  movement. 

Previously,  DNA  polymerases  a  and  5  were  found  to  co-purify  as  integral  components  of  this  human  cell 
DNA  synthesome  (Malkas  et  al.,  1990b;  Applegren  et  al.,  1995).  In  continuing  to  identify  the  components  of  the 
DNA  synthesome  we  examined  the  various  protein  fractions  isolated  during  the  purification  of  the  synthesome  for 
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the  presence  of  other  DNA  polymerases.  Our  work  demonstrates  for  the  first  time  that  polvmerase  s  also  co- 
ffactionates  with  the  other  core  components  of  the  human  cell  DNA  synthesome,  and  thus  can  be  included  as  a 
newly  recognized  component  of  the  synthesome.  In  addition,  this  laboratory  has  confirmed  the  direct  interaction 
between  DNA  polymerase  s  and  the  DNA  synthesome  by  co-immuno-precipitation  studies  (Coll,  et  al.,  to  be 
published  elsewhere).  DNA  polymerase  s  appears  to  have  functional  roles  in  both  DNA  replication  and/or  in  a 
repair  process  closely  associated  with  replication  (Shivji  et  al.,  1995)  but  further  studies  are  required  to  determine 
this  enzyme's  primary  role. 

It  was  also  demonstrated  that  DNA  polymerase  p  does  not  co-purify  with  the  human  DNA  synthesome. 
It  has  been  demonstrated  that  model  DNA  replication  systems  that  use  small  double  stranded  viral  DNA 
molecules,  such  as  the  SV40  system,  do  not  require  DNA  polymerase  p  for  activity  because  the  systems  can  be 
reconstituted  with  purified  proteins  in  its  absence  (van  der  Vliet,  1990).  Our  immunoblot  analyses  are  in 
agreement  with  this  observation,  as  they  indicated  that  DNA  polymerase  p  is  not  required  for  efficient  in  vitro 
DNA  replication  activity  mediated  by  the  DNA  synthesome. 

The  requirements  for  human  cell  synthesome  mediated  in  vitro  DNA  replication  reaction  have  been 
previously  published  (Applegren,  et  al.,  1995).  It  was  demonstrated  that  the  in  vitro  DNA  replication  reaction 
was  resistant  to  the  inhibitory  effect  of  dideoxynucleotide  triphosphates.  Both  DNA  polymerases  a  and  5  have 
been  shown  to  be  resistant  to  dideoxynucleotide  triphosphates  and  DNA  polymerase  P  is  strongly  inhibited  by 
ddTTP  (Komberg  and  Baker,  1992).  This  can  be  seen  as  another  line  of  evidence  that  DNA  polymerase  p  is  not 
a  functional  component  in  the  DNA  synthesome,  and  is  not  involved  in  the  replication  process. 

In  this  report,  several  other  proteins  related  to  the  DNA  repair  and  DNA  replication  processes  that  co- 
purify  with  the  DNA  synthesome  were  identified.  Another  protein  thought  to  be  involved  in  the  DNA  synthetic 
processes  is  Ku.  The  Ku  protein  serves  as  a  regulatory  or  targeting  subunit  for  the  DNA-Protein  Kinase  which 
phosphorylates  several  nuclear  proteins  in  vitro  (Anderson,  1993).  Because  several  of  the  protein  substrates  for 
DNA-PK  are  involved  in  DNA  replication,  (i.e.,  topoisomerases  I  and  II,  RF-C  and  SV40  large  T-antigen)  it  was 
decided  to  examine  whether  the  Ku  protein  was  a  component  of  the  DNA  synthesome.  We  have  shown  that  the 
Ku  protein  is  present  in  the  highly  purified  DNA  synthesome  protein  fraction.  This  observation  suggests  that  the 
DNA  synthesome  may  participate  in  some  form  of  DNA  repair  which  involves  the  Ku  protein. 
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Annexin  I  and  II  have  been  implicated  in  a  variety  of  cellular  processes  such  as  differentiation,  cell 
proliferation  and  carcinogenesis  (Gupta  et  al.,  1984;  Schlaepfer  and  Haigler,  1990;  Frolich  et  al.,  1990). 
Although  the  conservation  of  Annexins  through  evolution  argues  strongly  for  an  important  physiological  role  for 
these  proteins,  the  precise  role  of  these  proteins  remains  confusing  and  controversial.  Because  reports  in  the 
literature  have  described  the  Annexins  as  co-purifying  with  multiprotein  forms  of  DNA  polymerase  (Kumble  and 
Vishwanatha,  1991),  we  chose  to  examine  the  DNA  synthesome  for  the  presence  of  these  proteins.  Neither  of  the 
Annexins  were  not  found  to  co-purif\-  with  the  replication-competent  synthesome,  and  are  not  required  for 
synthesome-mediated  DNA  replication.  We  therefore  conclude  that  Annexins  I  and  II  are  unlikely  to  be  integral 
components  of  the  human  cell  DNA  replication  apparatus. 

Nucleotide  excision  repair  is  a  process  involving:  (1)  the  recognition  of  a  lesion,  (2)  incision  of  the  altered 
DNA  strand,  (3)  excision  of  the  damaged  nucleotides  along  with  a  portion  of  the  strand  surrounding  the  lesion,  (4) 
repair  of  the  gap  created  in  the  DNA  during  excision,  and  (5)  ligation  of  the  newly  synthesized  patch  into  the 
adjacent  DNA  strands.  This  process  requires  the  concerted  activity  of  several  proteins  which  mediate  each  of 
these  steps.  DNA  sequence  dependent  events  such  as  transcription,  replication,  or  site-specific  recombination  are 
therefore  unlikely  to  be  directed  by  the  binding  of  a  single  protein  to  a  single  DNA  site  (Echols,  H.,  1986).  On  the 
contrary,  these  complex  processes  involve  multiple  protein-DNA  and  protein-protein  interactions  (Sancar,  A., 
1995).  Such  macromolecular  interactions  are  thought  to  regulate  the  assembly  of  DNA-bound  proteins  to 
generate  highly  organized  nucleoprotein  structures  vrith  a  high  specificity  of  protein-DNA  recognition.  As 
analysis  of  the  NER  process  continues,  an  increasing  number  of  protein-protein  interactions  have  been  identified 
to  be  involved.  However,  it  remains  to  be  elucidated  whether  these  interactions  occur  sequentially  or  result  in 
progressively  more  complex  structures  at  sites  of  damage.  Most  of  the  gene  products  used  in  NER  appear  to 
participate  in  the  early  steps  of  this  repair  process.  Our  analysis  of  the  DNA  synthesome  has  demonstrated  that 
several  proteins  required  for  transcription  and  NER  do  not  co-purify  with  the  synthesome.  These  include  the 
transcription  proteins,  RNA  polymerase  II,  TFIIH,  and  the  excision  repair  XPA  protein.  These  data  suggest  that 
NER  components  are  not  an  integral  part  of  the  synthesome. 

Some  of  the  transcription  elongation  factors  are  thought  to  couple  transcription  to  repair  and  later  clear  a 
path  for  the  replication  machinery.  It  is  conceivable  that  the  NER  machinery  responsible  for  incision/excision  of 
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damaged  DNA  could  be  juxtaposed  to  the  DNA  synthetic  machinery.  The  NER  machinery  could  then  recruit  the 
DNA  synthesome  for  completing  the  synthesis  and  ligation  steps  of  the  repair  process.  This  would  allow  for  an 
interconnection  between  NER  and  DNA  replication  processes  previously  thought  to  function  more  or  less 
independently. 

Proteins  involved  in  DNA  repair,  DNA  replication,  transcription,  recombination  or  cell  cycle  progression 
are  all  part  of  a  complex  network  of  overlapping  biochemical  reactions  and  pathways  that  function  to  maintain 
cellular  homeostasis.  Further  characterization  of  the  human  cell  DNA  synthesome  will  increase  our 
understanding  of  the  molecular  mechanisms  involved  in  regulating  the  activity  of  the  DNA  replication  apparatus 
and  potentially  integrating  it  into  the  processes  of  both  DNA  replication  and  repair. 
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Table  1.  Relative  rate  of  HeLa  cell  DNA  synthesome  mediated  DNA  replication  fidelity  errors. 


Purified*  Polymerase- 
Primase  Complex 

DNA  Synthesome 

Cell  Extract 

2.0  X  10-4 

2.4  X  10-5 

6.0  X  10-6 

♦Taken  from  Roberts  and  Kunkel,  1988. 

^Results  of  our  DNA  synthesome-mediated  replication  fidelity  assay  re-calculated  using  Kunkel's  equation: 

A.  Number  of  mutant  colonies/total  number  of  transformed  colonies  =  4.5  x  10'^ 

B.  Minus  background  mutation  rate  (spontaneous  mutation  rate)(0.  8  x  10^  colonies)  =  0 

C.  Divide  by  0.5  (the  approximate  probability  of  expressing  an  error)  =  9.0  x  10"^ 

D.  Divide  by  number  of  sites  in  target  gene  (373  bp)  =  2.4  x  10"^  or  2.5  per  10,000  nucleotides  incorporated. 
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Figure  1 .  The  flow  diagram  of  the  isolation  scheme  used  to  purify  the  human  cell  synthesome  (see  Methods). 


Figure  2.  Analysis  of  products  of  SV40  in  vitro  DNA  replication  by  CsCI  density  gradient  sedimentation.  The 
in  vitro  DNA  replication  reaction  was  performed  as  described  in  Materials  and  Methods.  As  described  in  the 

text,  dTTP  in  the  replication  reaction  was  replaced  by  BrdUTP.  The  incorporation  of  into  acid- 

insoluble  material  was  measured.  The  densities  of  aliquots  were  measured  directly  with  a  refractometer  and  the 
positions  of  the  migration  of  light  DNA  (LL;  1.69  g/ml)  by  the  non-substituted  products  and  heavy  light  DNA 
(HL;  1.74  g/ml)  by  the  BrdUMP  substituted  products  were  determined. 


Figure  3.  Mbol  restriction  analysis  of  pSVO'''  DNA  after  replication  by  the  synthesome.  More  than  80%  of  the 
newly  synthesized  DNA  is  resistant  to  Mbol  digestion.  The  arrow  on  the  left  indicates  the  position  of  linear  DNA 
insensitive  to  Mhol  digestion. 


Figure  4.  Immunoblot  analyses  for  the  presence  of  human  DNA  helicases  I  (65  kDa.)  and  IV  (100  kDa.)  in 
P-4,  S-4,  Q-Sepharose  peak,  Q-Sepharose  flow-through,  and  Sucrose  gradient  peak  fractions.  Thirty  micrograms 
of  each  protein  fraction  were  resolved  on  8%  polyacrylamide  gels.  The  proteins  were  then  transferred  to 
nitrocellulose  filter  membranes.  The  polypeptides  human  DNA  helicase  I  and  IV  were  visualized  by  sequentially 
incubating  the  membranes  with  the  appropriate  primary  antibodies  followed  by  anti-rabbit  secondary  antibodies 
conjugated  to  horseradish  peroxidase  (HRP)  (see  Methods).  Light  enhanced  chemiluminescence  detection  of  the 
immobilized  protein  was  accomplished  using  the  ECL  Western  blotting  detection  system  (Amersham).  The 
resolution  profile  of  the  ECL  protein  molecular  weight  markers  is  designated  by  an  M. 


28 


Figure  5.  DNA  helicase  activitv-.  The  Q-Sepharose  peak  fraction  (lug)  was  preincubated  with  increasing 
amounts  of  each  helicase  antibody  (0.25ul,  0.5ul  and  lul)  or  with  rabbit  pre-immime  serum,  or  antibody  directed 
against  DNA  poKmerase  a  or  SV40  large  T-antigen  (0.25ul,  0.5ul,  lul  and  2ul)  as  described  in  the  text  for  1 
hour  at  4°C.  These  preincubation  mixes  were  then  added  to  the  helicase  assay  and  incubated  for  30  minutes  at 
370c.  The  DNA  bands  observed  in  the  gel  lanes  migrate  through  a  12%  polyacrylamide  gel  at  the  position 
expected  for  a  single-stranded  M13  DNA  to  which  a  ^^P-radiolabeled  17-mer  oligonucleotide  has  been 

hybridized,  or  to  the  position  expected  for  an  unwound  ^^P-radiolabeled  17-mer.  Control  lanes  do  not  have  Q- 
Sepharose  peak  protein  loaded  (NP  and  '^-heat  denatured). 


Figure  6.  Immunoblot  analyses  to  test  for  the  presence  of  various  proteins  in  the  DNA  synthesome.  The  cell 
homogenate,  NE+S-3,  P-4,  S-4,  Q-Sepharose  peak,  Q-Sepharose  flow-through  and  Sucrose  gradient  peak 
fractions  were  used  in  these  analyses.  Thirty  micrograms  of  each  protein  fraction  were  size  fractionated  on  8% 
polyacrylamide  gels,  transferred  to  nitrocellulose  filter  membranes  and  visualized  using  the  ECL  Western  blotting 
detection  system  (Amersham).  Shown  are  the  86  kDa.  Ku,  90  kDa.  HMLHl,  200  kDa.  DNA  polymerase  e,  38 
kDa.  DNA  polymerase  P,  and  33  kDa.  XPA  polypeptides  (see  Methods).  The  arrow  denotes  the  hMLHl  protein 
band. 


Figure  7.  Immunoblot  analyses  for  the  presence  of  RNA  polymerase  II  protein  (215  kDa.)  with  the  synthesome. 
The  cell  homogenate,  NE+S-3,  P-4,  S-4,  Q-Sepharose  peak,  Q-Sepharose  flow-through  and  Sucrose  gradient 
peak  fractions  were  used  in  these  analyses.  Thirty  micrograms  of  each  protein  fraction  were  size  fractionated  and 
visualized  using  the  ECL  Western  blotting  detection  system  (Amersham). 


Figure  8.  Immunoblot  analyses  to  test  for  the  presence  of  Annexin  I  protein  (38  kDa.)  and  Annexin  II  protein  (36 
kDa.)  in  the  synthesome.  The  cell  homogenate,  Q-Sepharose  peak  and  Sucrose  gradient  peak  fractions  were  used 
in  these  analyses.  Thirty  micrograms  of  each  protein  fraction  were  resolved  and  light  enhanced 
chemiluminescence  detection  of  the  immobilized  protein  was  accomplished  using  the  ECL  Western  blotting 
detection  system  (Amersham). 
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